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SECTION 1 
INTRODUCTION 
This  r e p o r t  desc r ibes  the  major r e s u l t s  of work performed under JPL Con- 
t r a c t  951246 during the  per iod 18 March 1966 t o  21 February 1969. This 
c o n t r a c t  had the  genera l  o b j e c t i v e  of determining the design r e s t r a i n t s  
imposed upon a spacec ra f t  by the  impingement of gases  and s o l i d  p a r t i c l e s  
emanating from a s o l i d  p rope l l an t  rocke t .  The program had two phases: 
(1) a n a l y t i c  and (2) experimental .  The a n a l y t i c  phase included a l i t e r a -  
t u r e  review of the  important a s p e c t s  of t he  problem and the  development 
of a n a l y t i c  techniques t o  q u a n t i t a t i v e l y  desc r ibe  the  e f f e c t s .  This  e f for f :  
included a review of gaseous impingement e f f e c t s , a  review of hyperve loc i ty  
impact work,and some developmental work on computational methods of comput- 
i ng  gas  p a r t i c l e  flows i n  a high a l t i t u d e  rocke t  plume flow f i e l d .  
The experimental  phase w a s  devoted t o  the  s tudy of the impingement damage 
e f f e c t s  on micron s i z e  p a r t i c l e s  t y p i c a l  of s o l i d  p rope l l an t  rocke t  exhausts .  
A helium gas flow f a c i l i t y ,  a hydrogen-oxygen r o c k e t  motor and a s m a l l  scale 
s o l i d  p rope l l an t  rocke t  motor w e r e  used t o  a c c e l e r a t e  micron s i z e  aluminum 
oxide p a r t i c l e s  t o  v e l o c i t i e s  ranging from 4000 f t / s e c  t o  over 10,000 f t / s e c .  
These p a r t i c l e s  impinged on instrumented t a r g e t  samples .  E f f e c t s  such a s  
material removal, p a r t i c l e  heating,and su r face  a l t e r a t i o n  were s tudied .  
The ex i s t ence  of a p a r t i c l e  s h i e l d i n g  e f f e c t  was determined over a range 
of pa r t i c l e  f l u x  from 8 gm/cm2/sec t o  9 x 10-4 gm/cm2/sec. 
t o  be of p r i m e  importance i n  reducing par t ic le  impingement damage below 
t h a t  which would have been expected from s i n g l e  p a r t i c l e  impaction d a t a .  
P a r t i c l e  hea t ing  was found t o  be of t h e  order  of 10 percent  o r  less of the  
par t ic le  inc iden t  k i n e t i c  energy f lux .  A s  a r e s u l t  of t hese  experiments,  
f u r t h e r  areas f o r  f u t u r e  s tudy were recommended. 
This  was found 
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SECTION 2 
IMPACTION DAMAGE STUDIES 
2 .1  GENERAL DESCRIPTION 
The ob jec t ive  of these  s t u d i e s  was t o  ga in  more information about the  
problem of su r face  damage caused by m u l t i p l e  p a r t i c l e  impaction of high 
v e l o c i t y  micron-sized aluminum oxide p a r t i c l e s ,  such as would emanate from 
a s o l i d  p rope l l an t  rocke t  motor. While cons iderable  work has been done 
t o  d a t e  on high v e l o c i t y  impact of metal  p a r t i c l e s  upon metal  s u r f a c e s ;  
r e l a t i v e l y  l i t t l e  has been concerned with mul t ip l e  impactions. The expe r i -  
ments repor ted  here  provide a b a s i s  f o r  de l inea t ing  some of the  d i f f e r e n c e s  
between these  s i n g l e  p a r t i c l e  impactions and mul t ip l e  impactions of micron- 
s ized  p a r t i c l e s .  
Much of the  convent ional  hy e r v e l o c i t y  impact da t a  can be represented by 
the c o r r e l a t i o n  of Sorensonr i n  which the  volume of ma te r i a l  removed p e r  
volume of impacting p a r t i c l e  i s  given by 
V 
I f  t he  p a r t i c l e  impaction process  could be considered a s  t he  sum of a 
series of independent s i n g l e  impactions,  then the  above equat ion  could be 
appl ied  d i r e c t l y  t o  each impaction and the  r e s u l t a n t  m a t e r i a l  removal 
summed over the  number of impacting p a r t i c l e s  t o  g ive  the t o t a l  damage. 
While the  experiments i n  t h i s  s tudy provide a test of t h i s  p o s s i b i l i t y ,  
i n  r e a l i t y  one must cons ider  t he  f a c t o r s  of g a s - p a r t i c l e  coupl ing,  k i n e t i c  
energy accommodation a t  the  t a r g e t  su r f ace ,  t a r g e t  su r f ace  a l t e r a t i o n  due 
-2- 
t o  m a t e r i a l  removal and/or  su r face  hardening, and f i n a l l y  the  e f f e c t  of 
t a r g e t  e j e c t a  on t h e  incoming p a r t i c l e  stream. A cons ide ra t ion  of a l l  
these  f a c t o r s  is  necessary  i n  the  c a l c u l a t i o n  of damage t o  a su r face  due 
t o  the  impingement of a s o l i d  p rope l l an t  rocke t  exhaust  conta in ing  alumi- 
num oxide p a r t i c l e s .  
2.2 EXPERIMENTAL MEASUREMENTS 
The experimental  program cons is ted  of t h ree  s e t s  of experiments. 
set helium gas was used i n  a Mach 5 supersonic  nozzle  t o  a c c e l e r a t e  t he  
aluminum oxide p a r t i c l e s  t o  m a s s  average v e l o c i t i e s  between 4400 f t / s e c  and 
5800 f t / s e c .  I n  the  second set ,  the  combustion products  of a hydrogen, oxy- 
gen rocket  motor were used t o  a c c e l e r a t e  t he  p a r t i c l e s  t o  about 9000 f t / s e c .  
I n  t h e  t h i r d  set which u t i l i z e d  a s o l i d  p rope l l an t  rocke t  motor,  t h e  p a r t i c l e  
v e l o c i t i e s  were i n  the  v i c i n i t y  of 5000 t o  7000 f t / s e c .  
used i n  t h e  f i r s t  two sets of experiments were from a s i n g l e  l o t  and had 
a number peak of about 1 .2  microns diameter and a mass mean of 5 microns 
diameter.  A long s l ende r  nozzle  was used t o  achieve maximum p a r t i c l e  speed.  
One inch diameter c y l i n d r i c a l  specimens made of aluminum a l l o y  were used. 
The t o t a l  su r f ace  r eg res s ion  of t hese  specimens was measured and the  
t e m p e r a t u r e  h i s t o r y  of the  specimen s u r f a c e  was recorded during each test. 
On some of t he  specimens su r face  r e f l e c t a n c e  was measured before  and a f t e r  
the  test and, on o t h e r s ,  t he  micro s t r u c t u r e  of t he  sur face  w a s  examined 
a f t e r  the  p a r t i c l e  impactions.  The t h i r d  set of experiments were conducted 
i n  the  high a l t i t u d e  rocke t  test  f a c i l i t y  (Ce l l  5-4) a t  the  Arnold A i r  
S t a t i o n  i n  Tullahoma, Tennessee. These tests had the  ob jec t ive  of pro- 
viding information about the  damage caused t o  a c t u a l  spacec ra f t  su r f ace  
ma te r i a l s  impacted upon by an a c t u a l  s o l i d  p rope l l an t  rocke t  motor exhaust.  
Some a d d i t i o n a l  measurements of k i n e t i c  energy accommodation were made 
during these tests t o  provide a b a s i s  f o r  comparison with t h e  prev ious ly  
done labora tory  experiments.  
I n  one 
The aluminum oxide 
2.2.1 HELIUM T E S T S  
The helium flow f a c i l i t y 2  was used t o  produce reproducib le  high v e l o c i t y  
gas particle flows i n t o  which were placed aluminum impaction samples. 
f a c i l i t y  shown i n  Figure 1 c o n s i s t s  of a pebble bed hea te r  through which 
the  helium gas flows, a gas  p a r t i c l e  mixing system by which the  p a r t i c l e s  
a r e  introduced i n t o  the  heated helium stream, and a nozzle which e m i t s  i n t o  
a 12-inch d i a m e t e r  test  chamber connected t o  the  main vacuum tank. The 
Mach 5 supersonic  nozzle  has a l eng th - to -ex i t  diameter r a t i o  of 18 i n  order  
t o  maximize p a r t i c l e  speed and i s  a b l e  t o  a c c e l e r a t e  the aluminum oxide 
p a r t i c l e s  used i n  these  experiments t o  mass average v e l o c i t i e s  between 
4400 f t / s e c  and 5800 f t / s e c .  A l l  t he  aluminum oxide used was from a s i n g l e  
l o t  and the  s i z e  d i s t r i b u t i o n  determined from micromeragraph runs and 
counting of microscope photographs ind ica ted  a number peak of 1.2 micron 
d iameter  kO.1 micron and a mass mean of 5 micron diameter k0.2 micron. 
(See Figure 2.) The pebble bed h e a t e r  which w a s  heated by ho t  a i r  could 
The 
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be r a i s e d  t o  a temperature of 1000"R. This  provided f o r  helium v e l o c i t i e s  
about  35 percent  h igher  than t h a t  f o r  room temperature helium. The helium 
flow l i n e s ,  the  par t ic le  i n j e c t i o n  feeder ,  and the  i n l e t  s e c t i o n  of t he  
supersonic  nozzle  were heated t o  the  gas  s t agna t ion  temperature so  t h a t  
dur ing  a run the  s t a g n a t i o n  temperature of t he  gas  var ied  less than  2 percent  
of t h e  i n i t i a l  s t agna t ion  temperature value.  
feed ra te  i s  measured d i r e c t l y  and the  gas  s t agna t ion  pressure  and temperature 
are measured i n  order  t o  determine t h e  gas  flow rate.  Light  t ransmission 
measurements are made a t  t h e  nozz le  e x i t  and en t rance  t o  document the  mean 
p a r t i c u l a t e  flow v e l o c i t y . 3 ~ 4  
i t y  a t  the  e x i t  plane of the  test nozzle  f o r  d i f f e r e n t  experimental  condi- 
t i o n s  obtained i n  t h i s  s tudy.  These v e l o c i t i e s  were ca l cu la t ed  using the  
Aeronutronic p a r t i c l e  l a g  computer program.5 
va lues  f o r  the  p a r t i c l e  mean v e l o c i t y  agree  w e l l  w i th  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  . 
During a t e s t , t h e  par t ic le  
Figure 3 con ta ins  p l o t s  of the  p a r t i c l e  veloc-  
The experimental ly  determined 
The one inch  diameter ,1/8- inch t h i c k  aluminum t a r g e t s  used i n  these  expe r i -  
ments were mounted o n a n i n s u l a t e d  mounting i n  which were embedded hea t ing  
wires so  t h a t  t h e  specimen i n i t i a l  temperature could be con t ro l l ed .  A 
thermocouple was mounted on the  back of the  t e s t  specimen i n  each experiment 
so  t h a t  t h e  i n i t i a l  temperature of the  specimen could be determined as w e l l  
as t h e  k i n e t i c  energy inpu t  t o  the  f r o n t  su r f ace  of the  specimen. I n  a l l  
t e s t s , t h e  hea t  loss due t o  gas coo l ing  and r a d i a t i o n  w a s  on the  o rde r  of 
s eve ra l  percent  of t he  p a r t i c l e  impaction h e a t  f l u x .  
t r a n s f e r  a n a l y s i s  i nd ica t ed  t h a t  the  s u r f a c e  temperature of the  specimens 
w a s  w i t h i n  5 percent  of the  measured thermocouple temperature.  The samples 
were placed approximately 2 inches  from t h e  e x i t  of t h e  nozzle  which i s  
w i t h i n  the  Mach cone of t h e  nozzle  (Figure l o b ) .  The nozzle e x i t  t r a n s -  
mission measurement was made halfway between the  sample f r o n t  su r f ace  and 
t h e  nozzle e x i t  plane.  
A t r a n s i e n t  hea t  
During i n i t i a l  phase of t h i s  program, experiments were conducted us ing  
6061-T6 and 1100-0 aluminum samples  over a range of p a r t i c l e  f l u x  from 
1 gm/cm2/sec t o  8 gm/cm2/sec. The damage experienced by these  samples  
u s ing  both room temperature  helium and 1000°F helium was cons iderably  
smaller than t h a t  which would have been p red ic t ed  by Sorenson's c o r r e l a -  
t i o n  equat ion.6 
(6061-T6) was no b e t t e r  i n  r e s i s t i n g  e r o s i o n  by t h e  aluminum oxide p a r -  
t icles than  was t h e  e s s e n t i a l l y  pure aluminum (1100-0). These r e s u l t s  
i nd ica t ed  t h e  p o s s i b i l i t y  of a change i n  t h e  p a r t i c l e - s u r f a c e  i n t e r a c t i o n  
process  such as a part ic le  s i z e  s c a l i n g  e f f e c t  o r  su r f ace  work hardening, 
o r  a change i n  t h e  i n c i d e n t  par t ic le  f l u x  p r o p e r t i e s  such as would be 
caused by g a s - p a r t i c l e  coupl ing o r  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n .  
(See F igure  4 . )  I n  a d d i t i o n ,  t h e  h igh  s t r e n g t h  aluminum 
I n  o rde r  t h a t  t hese  r e s u l t s  would be a p p l i c a b l e  t o  a spacec ra f t  s i t u a t i o n ,  
t he  helium flow experiments had been designed so  t h a t  g a s - p a r t i c l e  coupl ing 
would be small. 
program had shown t h a t  t h e  p a r t i c l e  v e l o c i t y  loss  t o  t h e  shock l a y e r  i n  
f r o n t  of  t he  specimens would be s m a l l ,  being of t h e  order  of 2 percent  f o r  
Pre l iminary  c a l c u l a t i o n s  us ing  t h e  two-dimensional computer 
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mean p a r t i c l e  s i ze  and of t h e  o rde r  of 10 pe rcen t  f o r  t he  number mean 
p a r t i c l e  size.  However, a s h o r t  series of experiments were conducted t o  
v e r i f y  t h i s  i n  l i g h t  of t h e  g r e a t l y  reduced t a r g e t  mass l o s s .  Since the  
shock l a y e r  t h i ckness  i s  p r o p o r t i o n a l  t o  the  specimen diameter,  t h e  
specimen diameter w a s  va r i ed  over a f a c t o r  of 4, holding a l l  o the r  con- 
d i t i o n s  cons t an t .  The v a r i a t i o n  i n  t a r g e t  mass loss ,  as shown i n  F igure  5 ,  
w a s  r e l a t i v e l y  small and i n d i c a t e s  t h a t  t h e  p a r t i c l e  v e l o c i t y  drop i n  t h e  
shock l a y e r  i s  also r e l a t i v e l y  small. These experiments were conducted 
w i t h  room temperature helium and using 1100-0 aluminum as a t a r g e t  material. 
Addi t iona l  experiments were conducted i n  a subsequent phase of t h i s  c o n t r a c t  
i n  a n  e f f o r t  t o  c l a r i f y  t h e  apparent l a r g e  d iscrepancy  between s i n g l e  p a r t i -  
c l e  impaction d a t a  and t h e  pre l iminary  r e s u l t s  f o r  p a r t i c l e  cloud impaction 
obtained under t h i s  c o n t r a c t .  The helium flow appara tus  provided t h e  capa- 
b i l i t y  f o r  varying par t ic le  v e l o c i t y  over a f a c t o r  of about 35 pe rcen t ,  and 
of vary ing  the  t o t a l  p a r t i c l e  mass impacted on the  specimen over a f a c t o r  of 
3 ,  and f o r  varying t h e  par t ic le  mass flow rate  of about a f a c t o r  of 1-1/2, 
as w e l l  as varying t h e  t a r g e t  specimen p r o p e r t i e s  and the  t a r g e t  i n i t i a l  
temperature.  A number of e f f e c t s  i n f luenc ing  the  p a r t i c l e  su r face  i n t e r -  
a c t i o n  were then  s tud ied .  These e f f e c t s  included p a r t i c l e  k i n e t i c  energy 
accommodation, t h e  i n i t i a l  su r f ace  p r o p e r t i e s  a t  room temperature,  t he  
change i n  su r face  p r o p e r t i e s  a t  e l eva ted  temperature,  and the  p o s s i b i l i t y  
of s u r f a c e  hardening dur ing  t h e  impaction process .  
P a r t i c l e  k i n e t i c  energy accommodation w a s  measured using aluminum specimens 
which were instrumented wi th  a thermocouple mounted on the  back su r face .  
These specimens were mounted i n  t h e  flow chamber on an  in su la t ed  holder  
such t h a t  t he  h e a t  loss through t h e  r e a r  of t he  specimen w a s  small. Tests 
were conducted a t  room temperature and a t  1000"R g a s  s t agna t ion  temperature.  
A t  t h e  h igh  s t agna t ion  temperature,  t h e  specimen was heated t o  t h e  gas 
s t a g n a t i o n  temperature by a s m a l l  hea t ing  c o i l  mounted i n  t h e  holder so  
t h a t  t he  measured t empera tu re  rise would be i n d i c a t i v e  of p a r t i c l e  impaction 
hea t ing  and n o t  of gas  s t agna t ion  po in t  hea t ing .  The gas w a s  allowed t o  
run  f o r  a per iod  of about a second a f t e r  t h e  conclus ion  of t h e  p a r t i c l e  
impaction i n  o rde r  t h a t  a n  experimental  measure of t h e  gas cool ing  o r  hea t ing  
r a t e  could be noted. I n  a l l  cases t h e  temperature v a r i a t i o n  a f t e r  the  con- 
c l u s i o n  of t h e  p a r t i c l e  impaction's was a t  l e a s t  50 t i m e s  smal le r  than t h e  
temperature rise ra te  dur ing  the  par t ic le  impactions.  The t h r e e  aluminum 
materials were t e s t e d :  1100-0, 6061-T6 and 2024-T3. The par t ic le  mass f l u x  
i n  a l l  of t hese  tests was nominally 8 grams/in.*/sec, although i n  each test 
t h e  e x a c t  flow r a t e  was monitored and it va r i ed  somewhat about t h i s  mean. 
The k i n e t i c  energy accommodation f ac to r ,de f ined  a s  t h e  measured hea t  f l u x  
p e r  u n i t  a r e a  divided by t h e  k i n e t i c  energy f l u x  per  u n i t  a rea ,  was found 
t o  have no s i g n i f i c a n t  v a r i a t i o n  wi th  e i t h e r  t a r g e t  m a t e r i a l  o r  p a r t i c l e  
v e l o c i t y  over t he  range t e s t e d .  
c i e n t  a ranged from a minimum of 0.05 t o  a maximum of 0.106 wi th  about 
75 percent  of t he  d a t a  p o i n t s  f a l l i n g  between va lues  of 0.075 and 0.095. 
The va lue  of t h e  accommodation c o e f f i -  
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The specimens used i n  t h e s e  tests were weighed before  and a f t e r  theimpinge-  
ment. The weight of t h e  thermocouple was t a r ed  out  a s  i t  had been weighed 
s e p a r a t e l y  p r i o r  t o  being a f f i x e d  t o  the  specimens. The mass l o s s  of the 
specimens determined from these  weights  and the  measured mass flow r a t e  of 
aluminum oxide p a r t i c l e s  were used t o  compute the  volume loss r a t i o  of 
Sorenson's c o r r e l a t i o n  equat ion.  
Figure 4. L i t t l e  s i g n i f i c a n t  d i f f e r e n c e  can be seen  between the  two 
aluminum a l l o y s  6061-T6 and 2024-T3. 
i n f e r i o r  t o  pure aluminum 1100-0 material. 
The r e s u l t s  of t hese  tests are shown i n  
Both of t hese  seem t o  be s l i g h t l y  
I n  some of the  t e s t s , t h e  t o t a l  mass p a r t i c l e s  impacted on the  specimen was 
var ied  a t  a cons t an t  mass flow rate  by varying the  length  of the exposure 
t i m e .  This  t i m e  was va r i ed  by a f a c t o r  of 3. These tests were conducted 
i n  an  e f f o r t  t o  d e t e c t  t he  p o s s i b i l i t y  of su r face  hardening. The specimens 
used i n  these  tests,as w e l l  a s  i n  a number of others ,were subjec ted  t o  
microscopic examination. Micro hardness measurements were made through the  
specimen i n t e r i o r  from the  f r o n t  impacted su r face  through t o  the  back su r face  
which was unimpacted. No s i g n i f i c a n t  v a r i a t i o n  i n  hardness could be de tec ted  
through the  specimen. The hardness of the  specimens var ied  p r i n c i p a l l y  wi th  
the  v a r i a t i o n  of temperature h i s t o r y  t h a t  the  specimen had been through. 
The specimens which had been through a s i m i l a r  h i s to ry ,by t  which had exper i -  
enced no p a r t i c l e  impaction,had the  same hardness measurements on the  f r o n t  
su r f ace  o r  on t h e  back su r face  a s  did the  specimens which had been impacted 
by the  p a r t i c l e s .  
Some measurements of su r f ace  r e f l e c t i v i t y  t o  v i s i b l e  l i g h t  were made. I n  
every case, specular  r e f l e c t i o n  was reduced by about  two o rde r s  of magni- 
tude. This reduct ion  was independent of the  amount of mass l o s s  experienced 
by the  specimen. 
2.2.2 HYDROGEN-OXYGEN ROCKET TESTS 
I n  order  t o  o b t a i n  p a r t i c l e  v e l o c i t i e s  higher  than those a v a i l a b l e  wi th  the  
helium f a c i l i t y ,  the  combustion products  of a hydrogen-ox; ,an rocke t  engine 
were used t o  a c c e l e r a t e  the aluminum oxide par t ic les  through a nozzle  which 
was s imilar  geometr ica l ly  t o  the  one used i n  the  helium tests. 
These tests were conducted i n  the i n i t i a l  phase of t h i s  c o n t r a c t  and, when 
it became apparent  t h a t  i t  w a s  no t  poss ib l e  t o  determine the  t a r g e t  su r f ace  
temperature a c c u r a t e l y  due t o  the  t r a n s i e n t  na tu re  of the hea t ing  process, 
the tests were no t  continued i n  the  subsequent phase of t h i s  program. The 
da ta  obtained i n  these  tests i s  of i n t e r e s t  from a q u a l i t a t i v e  s tandpoin t ,  
a l though a q u a n t i t a t i v e  determinat ion of the  su r face  s t r e n g t h  during the  
impaction w a s  n o t  poss ib l e .  
The aluminum oxide p a r t i c l e s  used i n  these  tests are introduced i n t o  the 
combustion chamber by means of a water  s l u r r y .  
kept  low enough s o  t h a t  the p a r t i c l e s  do n o t  vaporize o r  m e l t .  Thus, t h e  
The chamber temperature i s  
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par t i c l e  size d i s t r i b u t i o n  i n  a nozzle  flow i s  known. The t a r g e t  l o c a t i o n  
was the  same as was used f o r  t he  helium tests, Experimental v e r i f i c a t i o n  
of t he  p a r t i c l e  v e l o c i t i e s  w a s  no t  made i n  these  tests because a l i g h t  
t ransmission appara tus  was no t  a v a i l a b l e  i n  the  ho t  f i r i n g  test  s e c t i o n  of 
t he  vacuum tank. Due t o  the  geometric s i m i l a r i t y  of the two nozzles  and 
the proven accuracy of t he  p a r t i c l e  l a g  c a l c u l a t i o n s  f o r  the  helium nozzle ,  
i t  w a s  assumed wi th  confidence t h a t  t he  computed va lues  of t he  p a r t i c l e  
v e l o c i t y  were c o r r e c t .  (See Figure 3 . )  
Aluminum a l l o y s  6061-6 and 1100-0 were used a s  t a r g e t  materials f o r  these  
experiments.  The tes t  specimens were 1 inch i n  diameter and were about 
3 /8  inch th i ck .  
temperature a t  the  back su r face  was measured by a sp r ing  loaded con tac t  
thermocouple while  the  h e a t  absorbed by the  water was determined by measuring 
the  water temperature i n l e t  and o u t l e t  va lues  and by measuring the flow r a t e . '  
During the  i n i t i a l  p a r t  of each tes t ,  the nozzle  flow was f r e e  from any 
p a r t i c l e s .  Using the  method of Fay and Riddel l7  and Boison and Cur t i s8  a 
gas phase convect ive hea t  f l u x  w a s  ca l cu la t ed  which was used i n  conjunct ion 
wi th  t h e  specimen thermocouple t o  determine the  su r face  temperature p r i o r  
t o  the  impaction of any p a r t i c l e s .  
t i o n  of the  specimen temperature h i s t o r i e s  i n d i c a t e  t h a t  the temperature 
d i s t r i b u t i o n  i n  t h i s  specimen reached a s teady  va lue  during the  gas hea t ing  
period about 2 seconds i n  length .  This equi l ibr ium su r face  temperature w a s  
used i n  the  p l o t t i n g  of the  damage da ta  i n  Figure 4 .  
f low,addi t iona l  hea t ing  occurred due t o  the  par t ic le  impaction process .  It 
w a s  n o t  poss ib l e  t o  determine the  su r face  temperature during p a r t i c l e  impaction 
because the  temperature d i s t r i b u t i o n  w a s  of a t r a n s i e n t  na tu re  during the  
du ra t ion  of t he  p a r t i c l e  impaction po r t ion  of t hese  runs.  Increas ing  the  
p a r t i c l e  impaction du ra t ion  r e s u l t e d  i n  d e s t r u c t i o n  of the  samples p r i o r  t o  
the es tab l i shment  of a s teady  state h e a t  t r a n s f e r  s i t u a t i o n .  The da ta  from 
these  tests,shown i n  Figure 4,show the  e f f e c t  of t h i s  increased h e a t  t r a n s f e r .  
Propor t iona te ly  more damage occurs  a s  t h e  amount of t h e  impacting par t ic les  
inc reases  i n d i c a t i n g  t h a t  t he  su r face  s t r e n g t h  is  decreasing as the  su r face  
temperature i s  r i s i n g .  
They were water cooled a t  the  back sur face .  The aluminum 
Both t r a n s i e n t  c a l c u l a t i o n s  and examina- 
During the  p a r t i c l e  
2.2.3 SOLID ROCKET ALTITUDE TESTS 
The ob jec t ive  of these  tests was t o  f i r e  small 5 pound s o l i d  rocke t  motors 
a t  simulated a l t i t u d e  condi t ions  and t o  determine the  e f f e c t s  of the  f a r  
f i e l d  impingement of t he  rocke t  exhaust  plume on instrumented t a r g e t  su r f aces .  
These tests were conducted i n  the  54 test  ce l l  a t  the  Arnold Engineering 
Development Center loca ted  a t  Tullahoma, Tennessee. This f a c i l i t y  i s  com- 
p r i sed  of anunderground concre te  chamber 100 f e e t  i n  diameter and 250 f e e t  
deep, and a test capsule  loca ted  on top  which i s  48 f e e t  i n  diameter and 
v a r i e s  i n  he ight  from 8 t o  81 f e e t .  
2 m i l l i o n  cubic  f e e t .  
t o  a maximum pressure  a l t i t u d e  of about  125 t o  130 thousand f e e t .  
The volume of t h i s  f a c i l i t y  i s  roughly 
It can be evacuated by steam e jec tor -b lower  system 
The tests i n  t h i s  program were a l l  conducted a t  an  a l t i t u d e  near  130 thou- 
sand f e e t .  
which i s  s i t u a t e d  about 50 f e e t  from t h e  bottom of the  concre te  spray  
chamber. 
f i r i n g s  were of heavy w a l l e d  cons t ruc t ion  conta in ing  about 3-1/2 pounds of 
polyurethane-ammonium pe rch lo ra t e  composite p rope l l an t .  
aluminized i n  f i v e  of t he  f i r i n g s  a t  aluminum concent ra t ions  ranging from 
0.08 percent  up t o  1 2  percent .  One f i r i n g  w a s  made wi th  a p rope l l an t  con- 
t a i n i n g  no aluminum. The nozzle  t h r o a t  diameter  used i n  a l l  tests was 
0.8 inch and the  motors were equipped wi th  a 40 t o  1 expansion r a t i o  
15 degrees  ha l f  angle  con ica l  nozz le ,  
by the  Jet  Propuls ion Laboratory seen i n  F igures  7 and 8,  cons is ted  of 
a number of t y p i c a l  spacec ra f t  m a t e r i a l s .  These a r e  enumerated i n  Table 1. 
The test se tups  were loca ted  on the  flame d e f e c t o r  p la t form 
(See F igure  6 . )  The s o l i d  p rope l l an t  rocke t  motors used i n  these  
The p rope l l an t  w a s  
The impingement t a r g e t s  provided 
TABLE 1 
IMPINGEMENT DAMAGE TEST SAMPLES 
Sample Designation Materia 1 
2M - 6M 
2T - 6T 
5 m i l  aluminized Mylar wi th  
aluminum fac ing  outward. 
5 m i l  aluminized Teflon 
wi th  the  Teflon fac ing  out .  
2A - 6A Pol ished aluminum. 
25 - 6 s  
22 - 6Z 
White p a i n t ,  5 m i l  t h i c k ,  
S13 ( z inc  oxide i n  RTV602). 
White p a i n t ,  5 m i l  t h i c k ,  
293 (AFR-2) z inc  oxide and 
potassium s i l i c a t e .  
sc3 - sc7 Sola r  c e l l  
CG1 - CG4 Sola r  c e l l  cover g l a s s  
Three copper s l u g  ca lo r ime te r s  o r i en ted  90-, 60-, and 20-degrees t o  the  flow 
d i r e c t i o n  were used and a p i t o t  s t a t i c  probe was mounted on top of a one degree 
of freedom fo rce  balance.  A t e f l o n  d i s c  w a s  a t t ached  t o  the  f r o n t  su r f ace  of 
t he  fo rce  balance which was o r i en ted  90 degrees  t o  the  flow s t reaml ines .  The 
damage sus ta ined  by t h i s  t e f l o n  s l u g  i n  each tes t  was used t o  c o r r e l a t e  these  
experiments wi th  previous l abora to ry  experiments.  Other  da ta  recorded dur ing  
these  tests included the  rocke t  motor chamber p re s su re ,  t he  test  ce l l  s t a t i c  
p re s su re  and temperature,and the  p re s su re  i n s i d e  the  fo rce  balance body which 
i s  used i n  t h e  r educ t ion  of t he  fo rce  balance output .  
-13- 
6 9 - 1 3 s  
- 14- 
13 
-15- 
VI 
E-c w 
c3 
d 
2 
E-c 
E 
k H
6 9 - 1  3 
-16- 
The s i x  f i r i n g s  were conducted i n  th ree  groups of two each. The f i r s t  two 
f i r i n g s  u t i l i z e d  a 12 percent  aluminized p rope l l an t .  Run 01 w a s  conducted 
wi th  a s epa ra t ion  d i s t a n c e  between the  nozzle  e x i t  and the  t a r g e t  po in t  of 
100 inches,  while  Run 02 had a d i s t a n c e  of 180 inches.  A p r e d i c t i o n  of 
p a r t i c l e  mass f l u x  a t  t hese  two s t a t i o n s  as  w e l l  a s  of p a r t i c l e  and gas 
hea t ing  were made p r i o r  t o  the tests. 
cu la t ed  us ing  a c h a r a c t e r i s t i c  so lu t ion5  and the  nozzle  shock was loca ted  
i n  t h i s  flow f i e l d  us ing  t h e  approximate method of L e w i s  and Carlsong 
The s t agna t ion  po in t  hea t ing  j u s t  behind the  normal shock was ca l cu la t ed  
using the  method of Fay and Riddel l7  and Boison and Cur t i s .8  A value  of 
14.9 c a l o r i e s  per  cm2/sec w a s  obtained.  
l a t e d  using the  Aeronutronic p a r t i c l e  t r a j e c t o r y  programs. A p a r t i c l e  
k i n e t i c  energy f l u x  w a s  ca l cu la t ed  a t  the  100-inch s t a t i o n  of about 
3 . 6  calor ies /cm2/sec whi le  a t  the  180-inch s t a t i o n  a value of about 
1 calor ie /cm2/sec w a s  ca l cu la t ed ,  
would be equal  t o  o r  less than the hea t ing  ra te  ca l cu la t ed  behind the  mach 
d i s c .  The r e s u l t s  of these  tests, a s  w e l l  as those of subsequent t es t s ,  
are shown i n  Table 2. 
measured during Run 01 i s  cons iderably  i n  excess  of what might have been 
the ' e s t ima te .  
had been expected. An examination of the  mounting a r r a y  f o r  the  t a r g e t s  
showed t h a t  the p a r t i c l e  spread w a s  less than  had been ca l cu la t ed ,  being 
about  a f a c t o r  of 2 less i n  r a d i a l  e x t e n t  a t  both s t a t i o n s .  A r e c a l c u l a t i o n  
of t he  p a r t i c l e  k i n e t i c  energy f l u x  based on a reduced r a d i a l  spread gave 
hea t ing  va lues  t h a t  were wi th in  30 percent  of the  measured. Based on i n f o r -  
mation made a v a i l a b l e  by JPL, the  maximum p a r t i c l e  s i z e  i n  the  exhaust  
products  of t h i s  p rope l l an t  opera t ing  a t  t h i s  chamber pressure  w a s  about 2 ,  
whi le  the  number mean was about 1 micron o r  less. Computer c a l c u l a t i o n s  of 
t he  p a r t i c l e  p r o j e c t o r i e s  through the  nozzle  ind ica t ed  t h a t  the r a d i a l  
spread of a 2 micron p a r t i c l e  should have been almost t o  the  wa l l s  of the  
e x i t  cone, whi le ,  i n  f a c t ,  based on the r e s u l t s  of these  f i r s t  two runs,  
the  r a d i a l  spread seems t o  be confined wi th in  a 6 degree ha l f -angle  cone. 
The p r i n c i p a l  unce r t a in ty  i n  these  c a l c u l a t i o n s  i s  the  p a r t i c l e  s i z e  and 
v e l o c i t y  i n  the  combustion chamber. The assumptions t h a t  the par t ic les  
were moving wi th  the  gas  v e l o c i t y  and w e r e  uniformly d i s t r i b u t e d  ac ross  the  
nozzle  en t rance  seems t o  have been inappropr i a t e  i n  t h i s  p a r t i c u l a r  s i t u a t i o n .  
The plume flow p r o p e r t i e s  w e r e  c a l -  
The par t ic le  flow f i e l d  w a s  ca lcu-  
The gas hea t ing  r a t e ,  i t  was f e l t ,  
The 90-degree hea t ing  value of 45.3  calor ies /cm2/sec 
The damage experienced by the t a r g e t  was a l s o  much more than 
Ca lcu la t ions  using the  p a r t i c l e  t r a j e c t o r y  computer program had ind ica t ed  
t h a t  the  p a r t i c l e s  were i n s i g n i f i c a n t l y  a f f e c t e d  by the  gas i n  passing 
through the  mach d i s c  i n  these  condi t ions .  
gas  hea t ing  a t  d i s t a n c e s  w e l l  beyond t h e  m a c h d i s c , a s  w e l l  a s  the  uncer ta in-  
ties i n  the  p a r t i c l e s  flows, v e l o c i t i e s ,  and d i r e c t i o n s ,  were g r e a t  enough s o  
t h a t  subsequent tests were conducted a t  a n  a x i a l  l o c a t i o n  which w a s  w i t h i n  
t h e  mach d i sc .  
which contained no aluminum metal  i n  the  f u e l .  A measured 90-degree hea t ing  
va lue  of 14.3 calor ies /cm2/sec agreed r e l a t i v e l y  w e l l  wi th  a p r e d i c t i o n  of 
about  13.  I n  t h i s  run  also,  t he  t a r g e t  materials were e i t h e r  destroyed o r  
very s e r i o u s l y  damaged. 
However, the  unce r t a in ty  i n  
The next  test ,  Run 03, w a s  conducted using a p rope l l an t  
The gaseous hea t ing  rate measured i n  t h i s  run i s  
-17- 
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comparable wi th  t h e  k i n e t i c  energy f l u x  t h a t  would be experienced w i t h  a 
1 2  percent  A 1  p r o p e l l a n t  i n  t h i s  motor, based on t h e  model determined from 
Runs 01 and 02,  a t  a d i s t a n c e  of about 400 inches  from t h e  nozz le  ex i t .  
This i n d i c a t e s  t h a t  a t  t h i s  d i s t a n c e  t h e  thermal e f f e c t s  a lone  would be 
enough t o  d e s t r o y  these  p a r t i c u l a r  coa t ings .  
A l l  of t he  t a r g e t s  i n  every  tes t  were very eroded. The s o l a r  cells  and 
the  cover g l a s s e s  were completely destroyed i n  each f i r i n g .  
on ly  the  whi te  p a i n t  samples had even a recognizable  r e s idue  of t h e  o r i g i n a l  
c o a t i n g  l e f t  a f t e r  any of t he  f i r i n g s .  Some of t he  samples were n o t  recovered 
a f t e r  t h e  tests;  these  samples  were heated t o  a high enough t e m p e r a t u r e  t o  
loosen t h e  adhesive secu r ing  the  sample t o  t h e h o l d e r ,  and t h e  gas  flow s w e p t  
t hese  t a r g e t s  o f f  t he  d e f l e c t o r  p l a t e  i n t o  the  bottom of t h e  test  c e l l .  
O f  t h e  coa t ings ,  
Tests 04,  05 and 06 were conducted us ing  p r o p e l l a n t s  con ta in ing  0.08 pe rcen t ,  
0.4 percent  and 2 percen t ,  r e s p e c t i v e l y .  These t h r e e  tes ts  would g ive  an 
i n d i c a t i o n  of t h e  e f f e c t  of a f a c t o r  of 50 v a r i a t i o n  i n  p a r t i c l e  f l u x ,  hold- 
i ng  the  gas hea t  t r a n s f e r  r e l a t i v e l y  cons t an t .  The remaining two sets of 
test m a t e r i a l s  were used wi th  Runs 04 and 05, a l though i t  was expected t h a t  
they would be v i r t u a l l y  t o t a l l y d e s t r o y e d , a s  Run 03 had been so  d e s t r u c t i v e .  
The p r i n c i p a l  sources  of da t a  on these  runs  would be the  3 ca lo r ime te r s  and 
the Teflon d i s c  loca ted  on the  f r o n t  of t he  f o r c e  balance.  The P i t o t - s t a t i c  
probe had been very  s e r i o u s l y  damaged dur ing  the  f i r s t  two runs  and y ie lded  
no s t a t i c  p re s su re  measurement and a very e r r a t i c  s t a g n a t i o n  p res su re  measure- 
ment. In  Run 0 3 ,  the  r epa i r ed  probe gave d s t agna t ion  p res su re  va lue  which 
agreed wi th  p r e d i c t i o n ;  however, t h e  s t a t i c  p res su re  probe gave a susp ic ious ly  
high reading  and continued t o  do so through t h e  remainder of t h e  f i r i n g s ,  so 
t h a t  a l eak  i n  the  l i n e  somewhere has been suspected. The hea t  f l u x  measure- 
ments f o r  Runs 03 through 06 were a l l  r e l a t i v e l y  c o n s i s t e n t  w i th  each o t h e r .  
Some d i f f i c u l t y  was experienced wi th  Run 05 such t h a t  t he  60 degree measure- 
ment was no t  obtained and t h e  90degreesseems t o  be i n  ques t ion ,  due t o  h igh  
r e s i s t a n c e  connections i n  the  ce l l .  The Teflon damage obtained on Runs 0 3 ,  
04 and 05 was of p a r t i c u l a r  i n t e r e s t .  
omitted on Run 06 so  t h i s  d a t a  p o i n t  was l o s t .  Run 04 c l e a r l y  i n d i c a t e s  
t he  e f f e c t  of t h e  p a r t i c l e  impaction process  from the  s t andpo in t  of mech- 
a n i c a l  e ros ion .  The h e a t  f l u x  t o  t h e  Teflon d i s c  was e s s e n t i a l l y  t h e  same 
i n  Run 04 as i t  was i n  03 except  t h a t  t he  damage i s  almost 6 t i m e s  g r e a t e r .  
The amount of Teflon material removed on a weight b a s i s  w a s  over a hundred 
times g r e a t e r  than the  mass of impacting p a r t i c l e s .  Run 05 i n d i c a t e s  t h e  
p o s s i b l e  e x i s t e n c e  of a phenomena which has  been under s tudy  i n  a concurren t  
program conducted a t  Aeronutronic,  i n  t h a t  an  i n c r e a s e  i n  par t ic le  f l u x  of 
about a f a c t o r  of 5 i n c r e a s e s  t h e  damage very  s l i g h t l y  and produces a mass 
removal r a t i o  of about 30, which i s  about a f a c t o r  of 4 less than  Run 04. 
The specimen had been i n a d v e r t e n t l y  
-19- 
2.3 DISCUSSION OF EXPERIMENTAL RESULTS 
During t h e  course  of t h i s  c o n t r a c t ,  another  experimental  program w a s  i n i t i a t e d  
a t  Aeronutronic which had the  purpose of determining the f o r c e s  generated 
on s u r f a c e s  which had been impacted upon by s o l i d  p r o p e l l a n t  exhaust  plumes.* 
During i n i t i a l  measurements of  f o r c e s  i n  t h i s  program, i t  became apparent  
t h a t  t he  f o r c e  which was being measured on 90 degrees  inc l ined  s u r f a c e s  i n  
the  flow was e s s e n t i a l l y  t h a t  of a n  i n e l a s t i c  force.1°  When t h i s  was compared 
w i t h  t h e  measurement of k i n e t i c  energy accommodation on a s i m i l a r l y  o r i en ted  
t a r g e t  made under t h i s  con t r ac t ,wh ich  seemed t o  i n d i c a t e  a r e l a t i v e l y  e las t ic  
c o l l i s i o n , i n  t h a t  t h e  accommodation c o e f f i c i e n t  i s  of t h e  o rde r  of 0.1 o r  
less, the  e x i s t e n c e  of t h e  p o s s i b i l i t y  of t a r g e t  s h i e l d i n g  became more appar-  
e n t .  A s  t h e  SAMSO program was concerned wi th  the  fo rce  gene ra t ion  on a b l a t i v e  
m a t e r i a l  s u r f a c e s ,  as a matter of course  from the  tests i n  t h i s  program, 
damage da ta  became a v a i l a b l e .  One of t he  m a t e r i a l s  used i n  the  programwas 
Teflon. The damage d a t a  f o r  t he  Teflon tests ind ica t ed  t h a t  t he  damage 
experienced by the  Tef lon  was extremely nonl inear  wi th  inc iden t  mass f lux .  
The mass of t a r g e t  material removed pe r  mass of i n c i d e n t  p a r t i c l e s  decreased 
markedly as t h e  i n c i d e n t  par t ic le  mass f l u x  w a s  increased .  10 This  brought 
t o  l i g h t  t h a t ,  i n  a d d i t i o n  t o  a poss ib l e  s i z e  s c a l i n g l l , l 2  e f f e c t ,  t h e r e  
was d e f i n i t e l y  a n  a l t e r a t i o n  of t h e  p a r t i c l e  stream by a n  i n t e r a c t i o n  wi th  
the  environment immediately surrounding the  t a r g e t .  
A s  p rev ious ly  noted,  t he  two most obvious i n t e r a c t i o n  mechanisms are  gas- 
p a r t i c l e  coupl ing and t a r g e t  sh i e ld ing .  I n  the  former case, par t ic les  are 
de f l ec t ed  from t h e  i n c i d e n t  stream by v i r t u e  of t he  drag  exer ted  by the  gas  
flowing around t h e  t a r g e t ,  while  i n  the  l a t t e r  case, i n c i d e n t  par t ic les  are 
removed by c o l l i s i o n s  wi th  impact d e b r i s  ahead of t he  t a r g e t .  Both processes  
would reduce the  t a r g e t  damage below t h e  undis turbed va lue  a s  w e l l  as decreas-  
i ng  t h e  k i n e t i c  energy f l u x  t o  t h e  s u r f a c e  and could,  i n  a d d i t i o n ,  reduce the  
impact  fo rce  on the  su r face .  However, f o r  the  flow cond i t ions  used on the  
f o r c e  measurement tes t s ,  as  w e l l  a s  f o r  t he  cond i t ions  i n  t h i s  work, gas- 
par t ic le  coupl ing i s  s u f f i c i e n t l y  smal l  to be wi th in  t h e  unce r t a in ty  of 
t h e  i n c i d e n t  p a r t i c l e  v e l o c i t y ,  so  one is drawn t o  t h e  conclusion t h a t  
t he  p r i n c i p a l  e f f e c t  of these  two must be t a r g e t  sh i e ld ing .  The q u a l i t a t i v e  
observa t ion  t h a t  i n i t i a l l y  f l a t  t a r g e t s  tend t o  become rounded wi th  minimum 
s u r f a c e  r e g r e s s i o n  a t  t h e  c e n t e r  ,upon being impacted by a p a r t i c l e  c loud,  
a l s o  suppor ts  an  i n t e r a c t i o n  mechanism. 
For in s t ance ,  t h e  d e b r i s  i n  the  s h i e l d i n g  l a y e r  would be r e l a t i v e l y  a t  
rest near  t h e  c e n t e r  of t he  t a r g e t  where t h e  gas  motion i s  slow, while  near  
t h e  edges the  d e b r i s  would be swept a long  wi th  t h e  expanding gases .  
t he  d e b r i s  l a y e r  would be more e f f e c t i v e  i n  s h i e l d i n g  the  t a r g e t  a t  t h e  
c e n t e r  than  a t  t he  edges.  
l a y e r  a t  i nc reas ing  d i s t a n c e s  from t h e  t a r g e t  t i p  would r e q u i r e  less d e f l e c -  
t i o n  t o  avoid impinging on the  rear of t h e  t a r g e t ,  so  t h a t  i n  agreement wi th  
Thus, 
For obl ique  impact,  p a r t i c l e s  e n t e r i n g  t h e  shock 
* 
This program w a s  funded under SAMSO Contrac t  No. FO 4694-67-C-0051. 
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2 
t h e  experimental  observa t ions  of t he  SAMSO program>O less su r face  r eg res s ion  
would be experienced the re .  
and gas  flow i s  toward the  rear of the  t a r g e t ,  t he  d e b r i s  l a y e r  should 
th icken  and provide g r e a t e r  p ro tec t ion  t o  the t a r g e t  wi th  inc reas ing  distance 
from the t i p .  A s  a comparison between t h e  SAMSO r e s u l t s  and the  r e s u l t s  of 
t h i s  program w a s  u se fu l  i n  e s t a b l i s h i n g  t h e  ex i s t ence  of a d e b r i s  l a y e r ,  a 
f u r t h e r  comparison w i l l  be used on spec i fy ing  the source of the deb r i s .  For 
the  aluminum t a r g e t s  used i n  t h i s  program the  maximum r a t i o  of mass of t a r g e t  
removed t o  t o t a l  mass of impinging p a r t i c l e s  was very small  compared t o  un i ty .  
I n  the  SAMSOwork,this r a t i o  f o r  metals was a l s o  very small compared t o  u n i t y ,  
whi le  f o r  the  a b l a t i n g  m a t e r i a l s t e s t e d , t h e  f a c t o r  was of t he  order  of un i ty  
or  less. Thus, the  mass a d d i t i o n  from t h e  t a r g e t  increased the t o t a l  con- 
c e n t r a t i o n  of p a r t i c u l a t e  matter around the  t a r g e t  by a t  most a f a c t o r  of 
2 f o r  a b l a t i n g  m a t e r i a l s  and n e g l i g i b l e  f o r  metals. Also, the  fo rce  measure- 
ments f o r  the  s t a i n l e s s  s tee l  t a r g e t s  i n  the  SAMSO work which experienced 
n e g l i g i b l e  mass loss exhib i ted  the same behavior a s  t he  a b l a t i v e  m a t e r i a l s .  
I t  seems reasonable ,  t he re fo re ,  t h a t  t he  s tee l  t a r g e t s  would a l s o  be subjec ted  
t o  the  same sh ie ld ing  e f f e c t s  as  observed f o r  the  a b l a t o r s .  Both of t hese  
f a c t o r s  i nd ica t ed  t h a t  i n  these  tests the  impact d e b r i s  i s  comprised p r imar i ly  
of spent  p a r t i c l e  ma te r i a l .  The s i z e  of d e b r i s  i n  t h i s  l aye r  remains unce r t a in .  
Since aluminum i s  a b r i t t l e  materia1,i t  i s  probable t h a t  the p a r t i c l e s  f r ag -  
ment o n i m p a c t , s o  t h a t  on the  average the d e b r i s  i s  smaller than the  i n c i d e n t  
p a r t i c l e  p r o j e c t i l e s .  Teflon damage da ta  obtained from experiments i n  t h i s  
c o n t r a c t ,  aswell as the  SAMSO c o n t r a c t  a r e  p l o t t e d  on Figure 9. It  can be 
seen t h a t  t a r g e t  mass l o s s  r a t i o s  over a 100 were obtained i n  the  s o l i d  
rocke t  f i r i n g s  a t  Tullahoma. I n  these  tests,  t h e  t a r g e t  experienced a very 
high mass l o s s  compared t o  the  i n c i d e n t  p a r t i c l e  f l u x ;  however, it is u n c e r t a i n  
as  t o  what form the  t a r g e t  material w a s  i n  as  i t  was removed. It i s  p o s s i b l e  
t h a t  i t  w a s  i n  the  form of gas evolu t ion  a t  t h e s u r f a c e , o r  a l i q u i d  l aye r  
which washed around t h e  t a r g e t  and c a r r i e d  away a t  t h e  corners  by the  gas  
stream flowing by, o r  poss ib ly  fragments of Teflon which were r e l eased  by 
t h e  fo rce  of the  incoming p a r t i c l e  impactions.  I n  any event ,  a comparison 
amongst t hese  tests and a comparison of these  tests wi th  the  experimental  
tests done i n  the  helium flow f a c i l i t i e s  i n d i c a t e s  t h a t  the  process  of 
s h i e l d i n g  i n  a l l  of t hese  tests seems t o  be s imi l a r .  
Likewise, s i n c e  the  mean motion of both d e b r i s  
An i n t e r e s t i n g  v i s u a l i z a t i o n  of the  par t ic le  sh i e ld ing  l aye r  can be seen 
i n  Figures  10a and lob .  These photographs were obtained i n  the  helium tes t  
f a c i l i t y  used i n  t h i s  c o n t r a c t  and u t i l i z e d  t h e  photographing of 90 degrees  
s c a t t e r e d  l i g h t  from the  p a r t i c l e  cloud around the  t a r g e t .  The t a r g e t s  
were i l lumina ted  from above, us ing  a General E l e c t r i c  BH-6 Mercury A r c  Lamp 
which was co l l imated  t o  produce a narrow shee t  of l i g h t  paral le l  t o  the  
flow axis .  S imi la r  photographs were obtained using a t ransmission method 
and a simultaneous s c h l i e r e n  observa t ion  i n  the  SAMSO work.10 The nozzle  
e x i t  plane i s  on t h e  r i g h t  hand s i d e , a n d  the  i n c i d e n t  par t ic le  s t ream i s  
w e l l  def ined a g a i n s t  a dark background by a low i n t e n s i t y  of s c a t t e r e d  
l i g h t .  The d e b r i s  l a y e r  immediately ad jacen t  t o  the  exposed su r face  of 
the  t a r g e t  i s  c l e a r l y  obvious, and t h e  b r igh tness  of t h i s  zone con t r a s t ed  
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FIGURE loa .  45" LIGHT SCATTERING RECORDS OF DEBRIS LAYER. 
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CCP TARGET, 90’ 
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t o  t h a t  of t h e  i n c i d e n t  stream i s  a q u a l i t a t i v e  measure of t h e  d e n s i t y  of 
the  l aye r .  Carbon c l o t h  phenolic t a r g e t s  were u t i l i z e d , a s  w e l l  as Teflon 
and aluminum. The CCP material w a s  i n c l u d e d , a s  i t  w a s  another  t y p i c a l  
a b l a t i v e  material, y e t  one which was easi lydamaged,and one t h a t  had decid- 
e d l y  d i f f e r e n t  p r o p e r t i e s  compared t o  Teflon. The l a y e r  ahead of t h e  CCP 
t a r g e t s  i n  F igures  10a and 10b appears t o  be t h i c k e r ,  and t h e  lead ing  edge 
more d i f f u s e d  than t h a t  of Teflon. Aluminum t a r g e t s  looked very  similar 
t o  Teflon. This d i f f e r e n c e  may be due t o  t h e  p o s s i b i l i t y  t h a t  t he  material 
removed from t h e  CCP t a r g e t s  might be p a r t i c u l a t e  matter wi th  enough v e l o c i t y  
t o  d i f f u s e  f u r t h e r  away from the  s u r f a c e , w h i l e  t he  material  evolved from 
the  Teflon s u r f a c e  may be mainly gaseous; however, t h e r e  are some cons idera-  
t i o n s  which may negate much o r  a l l  of t h i s  apparent  d i f f e r e n c e .  
from the  i n c i d e n t  beam which r e f l e c t s  from t h e  s u r f a c e  of t he  t a r g e t  can 
a l s o  scat ter  i n  the  d i r e c t i o n  of observa t ion  i n  a n  amount dependent on t h e  
r e f l e c t i v i t y  of t he  su r face .  Second, t h e  CCP con ta ins  carbon which i s  a n  
e f f i c i e n t  emitter , a n d  i f  p re sen t  i n  t h e  d e b r i s  layer ,may a l s o  c o n t r i b u t e  
t o  the  apparent  a luminos i ty  of t he  l a y e r ,  The edge of t he  CCP t a r g e t  was 
observed t o  glow red hot  dur ing  t h e  tests and t h i s ,  i n  f a c t ,  accounts f o r  
the  t h i n  b r i g h t  l i n e  d e l i n e a t i n g  the  su r face  of t h e  t a r g e t  i n  Figure 10. 
Th i rd ,  t h e d e b r i s  layer i t s e l f  i s  heated t o  e l eva ted  temperatures dur ing  
t h e  impingementprocess,and the  se l f - a luminos i ty  of the  l aye r  was s u f f i -  
c i e n t l y  i n t e n s e  compared t o  the  s c a t t e r e d  l i g h t  i n t e n s i t y  t o  be recorded 
on photographs taken wi thout  t h e  l i g h t  source.  
F i r s t ,  l i g h t  
A t  t h i s  p o i n t , i t  becomes c l e a r  t h a t  n o t  only does a t a r g e t  s h i e l d i n g  e f f e c t  
e x i s t ,  bu t  t h a t  t h e r e  e x i s t s  a range of cond i t ions  of i n t e r e s t  where t h i s  
e f f e c t  i s  a very  s i g n i f i c a n t ,  i f  no t  t he  dominanteffect,controlling t he  
par t ic le  impaction process .  It  i s  of i n t e r e s t  t o  no te  t h a t  the  in f luence  
of s h i e l d i n g  i s  cons iderably  d i f f e r e n t  when one cons iders  t h e  accommodation 
of e i t h e r  p a r t i c l e  momentum o r  t h e  accommodation of p a r t i c l e  k i n e t i c  energy 
and p a r t i c l e  induced damage. The p a r t i c l e  impingement fo rce  has been seen  
t o  be inf luenced  by t h e  v a r i a t i o n  of p a r t i c l e  i n c i d e n t  mass f l u x  t o  a re la-  
t i v e l y  s m a l l  degree;lOhowever , t he  p a r t i c l e  induced damage and k i n e t i c  
energy accommodation are s t r o n g l y  dependent on the  p a r t i c l e  i n c i d e n t  mass 
f lux .  For in s t ance ,  no te  the  r e s u l t s  of Figure 9. A s  a r e s u l t  of i n t e r -  
p a r t i c l e  c o l l i s i o n s  w i t h i n  t h e  d e b r i s  l a y e r ,  only a smal l  f r a c t i o n  of t h e  
i n c i d e n t  energy reaches  t h e  t a r g e t  s u r f a c e , w h i l e  a major f r a c t i o n  of t he  
i n c i d e n t  p a r t i c l e  momentum d i f f u s e s  through t h e  l a y e r  t o  t h e  su r face .  
A t  s u f f i c i e n t l y  low p a r t i c l e  mass f l u x ,  t h e  i n c i d e n t  p a r t i c l e s  reached t h e  
t a r g e t  wi thout  i n t e r f e r e n c e .  A s  t he  p a r t i c l e  mass f l u x  inc reases ,  t h e  l a y e r  
becomes t h i c k  enough so  t h a t  c o l l i s i o n s  between i n c i d e n t  and r e f l e c t e d  
particles become more f requent .  A s  a r e s u l t ,  some of t h e  r e f l e c t e d  par t ic les  
a r e  s c a t t e r e d  back toward the  t a r g e t  and s t r i k e  a second t i m e .  Eventua l ly ,  
a t  high enough par t ic le  mass fluxes,none of t h e  i n c i d e n t  p a r t i c l e s  s t r i k e  
t h e  t a r g e t  s u r f a c e  wi thout  having experienced a t  l e a s t  one c o l l i s i o n  i n  t h e  
par t ic le  l a y e r .  I n  o t h e r  words, t h e  p a r t i c l e - p a r t i c l e  mean f r e e  pa th  has  
become on the  o rde r  of t h e  th i ckness  of t he  l a y e r  o r  smaller. Consequently, 
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a n  ind iv idua l  p a r t i c l e  experiences many c o l l i s i o n s  and may, i n  f a c t ,  impinge 
on the  su r face  a number of t i m e s  before  e i t h e r  being s c a t t e r e d  o r  convected 
from the  l aye r .  The r e s u l t  of t h i s  process  i s  a cons iderable  reduct ion  of 
t h e  average v e l o c i t y  of par t ic les  s t r i k i n g  the  sur face .  Since the  momentum 
of the  p a r t i c l e  stream i s  conserved, the reduced v e l o c i t y  must be compensated 
f o r  by an  inc rease  i n  t h e  number of impinging par t ic les .  
fo rce  is e s s e n t i a l l y  una l t e red  by t h e  presence of t he  d e b r i s  l a y e r  except 
f o r  those par t ic les  which a r e  e i t h e r  s c a t t e r e d  ou t  of the  l aye r  o r  are con- 
vected about t h e  su r face  by the  gas  stream. A s  impact damage i s  known t o  
be h ighly  v e l o c i t y d e p e n d e n t , a s  shown i n  Equation (l), a s i g n i f i c a n t  decrease 
i n  t h e  approach v e l o c i t y  w i l l  be accompanied by a reduct ion  i n  the  t a r g e t  
mass loss .  
Thus, the  impact 
The r e s u l t s  shown i n  Figure 9 are a n  i n d i c a t i o n  of t h i s  process;  i n  t h a t  as 
the  par t ic le  mass f l u x  w a s  reduced , the  damage caused p e r  impacting par t ic le  
was cont inuously increased .  I f  one had usable  s i n g l e  impact da t a  f o r ,  i n  
t h i s  case Teflon,  he would expect  t h a t  u l t ima te ly  t h e d a t a , s u c h  as  shown i n  
Figure 9,would approach t h e  value f o r  a s i n g l e  p a r t i c l e  i m p a c t .  It i s  of 
i n t e r e s t  t o  no te  t h a t  the  da ta  from the  s o l i d  p rope l l an t  rocket  f i r i n g s  w a s  
damage da ta  f o r  a su r face  t h a t  was a t  o r  near the  subl imat ion t empera tu re  
of Teflon (8OO0C) .  T h u s , i n  a t tempt ing  t o  apply these  da t a  t o  a s i t u a t i o n ,  
where the  gas  hea t  t r a n s f e r  was g r e a t l y  reduced o r  f o r  a l l  p r a c t i c a l  purposes 
nonexis ten t ,  a cons iderable  over-statement of the  damage would be obtained.  
I f ,  as noted above, t h e  energy f l u x  inc iden t  on the  t a r g e t  i s  reduced by 
the  i n t e r p a r t i c l e  c o l l i s i o n s  wi th in  the  d e b r i s l a y e r ,  then i t  fol lows t h a t  
the  d e b r i s  l a y e r  must a c t  a s  a s ink  which absorbs the  k i n e t i c  energy of 
t he  f r e e  stream part ic les .  I n  add i t ion ,  s i n c e  the  d e b r i s  ma te r i a l  moves 
wi th  a r e l a t i v e l y  s m a l l v e l o c i t y ,  it fol lows t h a t  the  thermal energy of the 
l aye r  must be very  g r e a t  compared t o  i t s  k i n e t i c  energy. Thus, it i s  of 
i n t e r e s t  t o  cons ider  t he  consequences of a s i m p l e  model of one-dimensional 
hea t  t r a n s f e r  t o  t h e  su r face .  The t a r g e t  used i n  the  thermal-accommodation 
measurements w a s  an  aluminum d i s c ,  0.32 cent imeter  t h i c k ,  a t tached  t o  an 
i n s u l a t i n g  backing material and subjected t o  par t ic le  impingement on the  
f r o n t  sur face .  The temperature drop ac ross  the  t a r g e t  was small compared 
t o  i t s  meantemperature ,while  t he  h e a t  conducted a c r o s s  i t s  rear su r face  
w a s  n e g l i g i b l e  compared t o  the energy absorbed by t h e  t a r g e t .  The appro- 
p r i a t e  energy balance f o r  t h i s  case can be w r i t t e n  a s  
- qo - c ( T - T ~ ~ ) / A  d [ pt LC ( T - T ~ ) ]  
P P  d t  
where L i s  t h e  ins tan taneous  t a r g e t  th ickness  and i t  has been assumed t h a t  
t h e  t a r g e t  su r f ace  and d e b r i s  ma te r i a l  are i n  thermal equi l ibr ium. 
ing  Equation (2),and s u b s t i t u t i n g  dL/dt = 
i n i t i a l  t a r g e t  th ickness  y i e l d s  
Expand- 
and L - Lo = r t ,where Lo i s  the  
Cpt (Lo - it (3)  
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where 
9, / = 4, +(  $Cp/A ) ( Tip-Ti) 
and 
r =  1 + h C /;pCA 
P P -  
This can be i n t e g r a t e d  t o  o b t a i n  t h e  temperature t i m e  h i s t o r y  of t h e  t a r g e t :  
F ina l ly ,  t ak ing  t h e  t i m e  d e r i v a t i v e  of t h e  Equation ( 4 )  , one ob ta ins  
2 s u b s t i t u t i n g  t y p i c a l  tes t  va lues  i n t o  Equation (5) ( q & - =  560 cal/cm s e c ,  
r = 14,? = 0.04 cm/sec, Lo = 0.32 c m  y i e l d s ,  a t  t i m e  t = 1 sec, dT/dt 
= 58O0C/sec. This f i g u r e  i s  s e v e r a l  times g r e a t e r  than the  160°C/sec 
measured exper imenta l ly .  This ,  then ,  i s  a d i r e c t  i n d i c a t i o n  t h a t  t h e  
t a r g e t  temperature i s  less than  t h a t  p red ic t ed  by t h e  a n a l y s i s ,  and t h a t  
t h e r e f o r e , t h a t  t he  temperature of t h e  d e b r i s  l a y e r  must be g r e a t e r  than 
t h a t  of t h e  t a r g e t .  This conclus ion  has some v e r i f i c a t i o n  i n  f a c t ,  as 
cons iderable  r a d i a t i o n  can be seen  from the  d e b r i s  l a y e r  i n  f r o n t  of 
aluminum t a r g e t s  us ing  t h e  helium f a c i l i t y .  
oxide i n c r e a s e s  d r a s t i c a l l y  upon mel t ing  so  t h a t ,  t o  produce apprec i ab le  
r a d i a t i o n , i t  i s  q u i t e  probable t h a t  t h e  aluminum oxide would have t o  have 
reached mel t ing  temperature (over 3000OF). 
The e m i s s i v i t y  of aluminum 
The above a n a l y s i s  i n d i c a t e s  one f u r t h e r  p o i n t  t h a t  i s  of i n t e r e s t .  Very 
small p a r t i c l e  f l u x e s , i f  experienced over a long  period of t i m e ,  even i n  
t h e  absence of gas  hea t ing ,  could cause a s u f f i c i e n t  temperature r i s e  such 
t h a t  t he  p a r t i c l e  induced damage could be  cons ide rab ly  g r e a t e r  than t h a t  
c a l c u l a t e d  f o r  a co ld  su r face .  The phys ica l  p r o p e r t i e s  of aluminum a l l o y s  
a s  w e l l  as Tef lon  and probably a number of p a i n t  materials are a l l  s u f f i -  
c i e n t l y  temperature s e n s i t i v e  so  t h a t  n o t  on ly  the  i n i t i a l  temperature of 
t h e  s u r f a c e  should beknown,but  a l s o  t h e  v a r i a t i o n  of t he  temperature of 
t he  su r face  dur ing  t h e  par t ic le  impactions.  I n  o rde r  t o  be a b l e  t o  do 
t h i s , i t  i s  obvious t h a t  more experimental  measurements would have t o  be 
made of t y p i c a l  s u r f a c e  materials over a range of temperatures t h a t  might 
be p o s s i b l e  and a t  p a r t i c l e  m a s s  f l u x e s  t h a t  would be t y p i c a l  of cases of 
i n t e r e s t  . 
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SECTION 3 
GASEOUS PLUME IMPINGEMENT EFFECTS 
I n  the  i n i t i a l  phase of t h i s  program, a survey of t h e  methods of evalua- 
t i n g  t h e  e f f e c t s  of gaseous rocke t  exhaust plume impingement w a s  made. 
The emphasis was on t h e  development of a hand-book type  procedure f o r  
making engineer ing  estimates of the p res su re  and hea t  t r a n s f e r  on a s u r -  
f ace  loca ted  w i t h i n  a n  exhaust plume. The fo l lowing  d i s c u s s i o n  w i l l  be 
l i m i t e d  t o  h i g h l y  underexpanded plumes. Regions i n  which a plume shock 
could impinge on t h e  s u r f a c e  are  excluded because t h e  r e s u l t i n g  flow f i e l d  
would be beyond a handbook approach. 
Any c a l c u l a t i o n  of plume impingement e f f e c t s  i s  dependent upon t h e  d e t e r -  
mination of reasonable  exhaust plume p r o f i l e s .  These p r o f i l e s  should 
d e f i n e  t h e  following l o c a l  p r o p e r t i e s  w i t h i n  t h e  plume: 
(2) flow v e l o c i t y ,  (3) s ta t i s  temperature,  (4) s ta t ic  p res su re ,  (5) l o c a l  
gas s p e c i f i c  hea t ,  and (6) gas  molecular weight.  
computer program5 can be  used t o  determine a l l  of t h e s e  parameters a t  
any l o c a t i o n  w i t h i n  t h e  plume. The e f f e c t s  of t h e  gas plume impingement 
i n  two phase flow impingement s i t u a t i o n s  become small w i t h  r e s p e c t  t o  
t h e  s o l i d  p a r t i c l e  e f f e c t s  as t h e  d i s t a n c e  from t h e  nozz le  i 6  increased .  
Therefore ,  no a t tempt  w i l l  be  made t o  d e s c r i b e  t h e  impingement e f f e c t s  
of t he  gaseous plume i n  t h e  r a r e f i e d  o r  noncontinuum flow regime. For 
most p r a c t i c a l  a p p l i c a t i o n s ,  f low w i t h  a f r ees t r eam Mach number a t  12 o r  
g r e a t e r  i s  o u t s i d e  t h e  continuum regime. 
u t i l i z e s  t h e  method of c h a r a c t e r i s t i c s ,  which r e g u i r e s  t h e  assumption 
of flow c o n t i n u i t y .  Although t h i s  program i s  capab le  of developing the  
exhaust plumes beyond flow Mach numbers of 1 2 ,  i t s  use  i n  t hese  reg ions  
i s  h ighly  specu la t ive .  Ca lcu la t ions  of t h e  gas  plume impingement p r e s s u r e  
and hea t ing  may be made,at l a r g e  Mach numbers, b u t  t h e  accuracy diminishes 
r ap id ly .  
conse rva t ive ly  high. 
(1) flow d i r e c t i o n ,  
The exha. .t plume 
The plume computer program 
I n  most cases t h e  computed h e a t  t r a n s f e r  and p res su re  are 
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3.1 PLUME IMPINGEMENT (UPSTREAM PROPERTIES AND TRUE ANGLE) 
Sch l i e ren  photographs of h igh ly  underexpanded plumes impinging on l a r g e  
f l a t  s u r f a c e s  i n d i c a t e  t h a t  t h e  impingement shock waves tend t o  remain 
c l o s e  t o  t h e  s u r f a c e  (see References 13 and 14) when t h e  nozz le  ex i t  
p lane  i s  more than one nozz le  diameter from t h e  s u r f a c e  and p a r a l l e l  t o  
o r  canted  outward from t h e  s u r f a c e .  Under these  cond i t ions  t h e  impinging 
flow Mach number i s  g e n e r a l l y  g r e a t e r  than 5 and t h e  cond i t ions  of 
hypersonic flow are a p p l i c a b l e .  
p r o p e r t i e s  a t  t h e  s u r f a c e ,  it w i l l  be  assumed t h a t  t h e  shock l a y e r  i s  
very t h i n  and l ies very  c l o s e  t o  t h e  s u r f a c e .  It i s  f u r t h e r  assumed 
t h a t  (1)  t h e  boundary l a y e r  growth and mass a d d i t i o n  do no t  l i f t  t h e  
shock l a y e r  o f f  t h e  s u r f a c e  and (2)  r e f l e c t e d  shocks emanating from 
t h e  nozz le  do no t  a f f e c t  t h e  plume flow. Thus, i t  i s  p o s s i b l e  t o  o b t a i n  
t h e  gas  p r o p e r t i e s  impinging on t h e  s u r f a c e  by d i r e c t  supe rpos i t i on  
of t h e  s u r f a c e  i n  ques t ion  on t h e  f u l l y  developed plume p r o f i l e .  Essen- 
t i a l l y ,  t h i s  means t h a t  t h e  plume flow f i e l d  i s  n o t  tu rned ,  d i s t o r t e d ,  
o r  o therwise  a f f e c t e d  by t h e  o b j e c t  being impinged upon u n t i l  t h e  plume 
a c t u a l l y  impac t s  t h e  s u r f a c e  of t h e  o b j e c t .  Thus, w i t h  a scale drawing, 
t h e  u n d i s t o r t e d  plume p r o p e r t i e s  and t r u e  impingement ang le  ( t h e  smallest 
ang le  between t h e  s t r eaml ine  and a plane tangent  t o  t h e  s u r f a c e  a t  t h e  
po in t  of impingement) can be  found a t  t h e  p o i n t  of concern on t h e  i n t e r -  
s e c t i n g  s u r f a c e  o r  o b j e c t .  By tu rn ing  t h e  flow through the  t r u e  impinge- 
mentangle ,  t h e  l o c a l  s u r f a c e  s t a t i c  p r e s s u r e ,  t empera ture ,  and Mach 
number can be computed. 
To s i m p l i f y  t h e  c a l c u l a t i o n  of t h e  flow 
Figure  11 i l l u s t r a t e s  t h e  supe rpos i t i on  of an exhaus t  plume p r o f i l e  on a 
f l a t  s u r f a c e .  From t h i s  f i g u r e  i t  i s  obvious t h a t  t h e  c e n t e r l i n e  impinging 
flow p r o p e r t i e s  and t r u e  impingement a n g l e  can be d i r e c t l y  determined, 
and i n  many cases a c a l c u l a t i o n  of t h e  s u r f a c e  p r e s s u r e  and hea t ing  on 
t h e  c e n t e r l i n e  i s  s u f f i c i e n t  f o r  engineer ing  estimates of t h e  magnitude 
of t h e  problem. However, i n  a c t u a l  des ign  a p p l i c a t i o n s  i t  i s  o f t e n  
necessary  t o  estimate t h e  o f f - c e n t e r l i n e  p re s su re  o r  hea t ing  p r o f i l e  
whichinvolves  more complex t r igonomet r i c  cons ide ra t ions .  The following 
few paragraphs are devoted t o  i l l u s t r a t i n g  t h e  s o l u t i o n  of t he  t r u e  
impingement ang le  f o r  s e v e r a l  plume-surface impingement s i t u a t i o n s  
commonly encountered i n  s p a c e c r a f t  a p p l i c a t i o n .  
The exhaust plume must f i r s t  be  def ined  g r a p h i c a l l y  such t h a t  t h e  a n g l e  
between t h e  nozz le  a x i s  and t h e  l i n e  t angen t  t o  t h e  s t r eaml ine  a t  the  
p o i n t  of impingement can b e  determined (see Figure  11). Figures  11 and 
12  i l l u s t r a t e  a common s i t u a t i o n  where a nozz le  i s  f i r e d  above a f l a t  
s u r f a c e  which i s  p a r a l l e l  t o  t h e  nozz le  axis (6 = 0) and d i sp laced  
r a d i a l l y  from t h e  nozz le  a d i s t a n c e  (r). 
f o r  any p o i n t  on t h e  f l a t  s u r f a c e  can  be computed us ing  t h e  fo l lowing  
equat ions :  
The t r u e  impingement ang le  ( e )  
-1 6 = s i n  ( s i n  a s i n  p) 
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35 
UNCANTED NOZZLE FIRING OVER A FLAT SURFACE 
_L-- Lines of Constant Local Flow P r o p e r t i e s  P,M,T,y 
Flow Streaml ines  
-.I, Locat ion of Cen te r l ine  Impingement 
Nozzle Axis 
X 
e cy L True Impingement Angle f o r  Cen te r l ine  Case 
Impingement Surface  Drawn P a r a l l e l  t o  Nozzle Axis but  
Perpendicular  t o  t h e  Plane of t h e  Plume (R-X) 
@ The Line on t h e  Surface  Called t h e  Cen te r l ine  i s  Defined 
by t h e  Locus of Poin t s  Contained by Both the  Plane of t he  
Plume (which a l s o  Contains  t h e  Nozzle Axis) and a Plane 
which i s  Tangent t o  the  Surface  and Perpendicular  t o  the  
Plane of t h e  Plume 
FIGURE 11 - ROCKET PLUME IMPINGEMENT ON A FLAT SURFACE 
(CENTERLINE CASE) 
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TRUE IMPINGEMENT ANGLE FOR UNCANTED NOZZLE 
F I R I N G  OVER A FLAT PLATE 
I 
I 
I 
,- Plane Containi 
Plume Prof i le  
Plane V i e w  of Plume Prof i l e  
End V i e w  of 
Plume Containing 
Plume h - o f i l  
End V i e w  of Nozzle 
FIGURE 12- ROCKET PLUME IMPINGEMENT ON A 
FLAT SURFACE (OFF CENTER CASE) 
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where: 
a f ang le  between t h e  nozz le  axis and t h e  tangent  t o  t h e  
s t r e a m l i n e  a t  t h e  impingement p o i n t .  
= ang le  between t h e  p r o j e c t e d  p l ane  con ta in ing  t h e  s t r eaml ine  
and t h e  l i n e  tangent  t o  t h e  s u r f a c e  a t  t h e  p o i n t  of impinge- 
ment i n  a p l ane  p a r a l l e l  t o ' t h e  R-H p lane .  
F igure  13 i l l u s t r a t e s  t h e  more gene ra l  s i t u a t i o n  of a canted nozz le  (6 # 0) 
f i r i n g  over a f l a t  p la te .  
-1 €, = s i n  (cos 6 s i n  a s i n  p - s i n  6 cos a) 
where : 
6 f c a n t  ang le  of nozz le  w i t h  respect t o  t h e  s u r f a c e .  
One of t h e  more d i f f i c u l t  s o l u t i o n s  i s  t h a t  f o r  a s i t u a t i o n  similar t o  a 
r o l l  moment producing rocke t  f i r i n g  over t h e  s u r f a c e  of a c y l i n d r i c a l  
spacec ra f t .  
determine t h e  t r u e  s t r e a m l i n e  impingement angle .  The s o l u t i o n  of t h e  
t r u e  impingement ang le  (4) can be found by us ing  the  v a r i a b l e s  i l l u s t r a t e d  
i n  F igure  14 i n  t h e  following equat ions :  
F igure  14 i l l u s t r a t e s  t h e  geometric v a r i a b l e s  requi red  t o  
- 1 x + h  po = s i n  -a 
0 
8 = s i n  -1 ( R ~ / R ~ )  
i 
-1 4 = s i n  (cos po s i n  a. s i n  8, - s i n  po cos a0) 
Probably t h e  most common use  of s o l i d  p r o p e l l a n t  motors on space boos te r  
systems has been pos igrade  and/or r e t rog rade  s t a g e  sepa ra t ion .  I n  t h i s  
a p p l i c a t i o n  t h e  motor f i r e s  a x i a l l y  over t h e  c y l i n d r i c a l  s u r f a c e  of t h e  
boos te r  o r  s p a c e c r a f t  (see Figure  15). 
ment ang le  i s ,  of cour se ,  easier f o r  t h e  o f f - c e n t e r l i n e  cases i f  t he  
a x i s  of t h e  nozz le  i s  p a r a l l e l  t o  t h e  a x i s  of t h e  c y l i n d e r .  However, 
nozz les  canted  outward from t h e  s u r f a c e  are more common. So lu t ions  f o r  
both cases are presented  below. 
The s o l u t i o n  of t h e  t r u e  impinge- 
Zero degree c a n t  ang le  (6 = 0) :  
True impingement a n g l e  4 = sin'' ( S i n a i  s i n  pi) 
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where : 
R. + (a + r) s i n  Bi -1 1 0 pi = t a n  (ao + r )  co>ei 
Ri 2 + r (2ao + r) 
-1 
2Ri (ao -k r)  ei = s in  
See F igure  15a f o r :  
Nozzle canted  t o  s u r f a c e  (6 >O): 
Ri, P, ao, Ui 
True impingement ang le  = 4 = sin" [cos qi s i n  a s i n  pi i 
1 - s i n  71i COS ai 
where : 
-1 
= t a n  [cos (ei - p i )  t a n  b] "'i 
ei = s i n  [ J b F ;  - bi] 
- RO = sin- '  [ s in  ei s i n  $1 bi R~ t a n  6 
a 2 - (Ro cos 6) 2 - Ri 2 
0 = 
'i (Ri s i n  6) 2 
- Bi = t a n  R .  cos2  ai + R ( s i n  #i s i n  6 - s i n  ei 0 
cos 0, ( : R ~  s i n  gi s i n  6 + R cos  6 % )  
0 
See F igure  15b 
A s  can  b e  seen  from t h e  above, t h e  c a l c u l a t i o n  of t h e  t r u e  impingement 
a n g l e  can  become a lengthy  process .  It is ,  however, p o s s i b l e  t o  l i m i t  
t h e  number of o f f - c e n t e r  c a l c u l a t i o n s  by first ob ta in ing  t h e  c e n t e r l i n e  
d i s t r i b u t i o n  of p r e s s u r e  o r  h e a t  t r a n s f e r  and t hen  making impingement 
-37- 
profiles with only a few off-center calculations, 
calculation of only 4 or 5 specific points in one or two off-center plane 
intersections. 
Many cases will require 
3 . 2  SURFACE PRESSURE 
With the assumptions that the plume surface interaction shock and boundary 
layer are very thin, it is possible to estimate the pressure at the surface 
by simply turning the flow through the true impingement angle. The static 
pressure, Mach number, and specific heat ratio can be found at the point 
of impingement within the undisturbed plume. 
found as described in the previous paragraphs. The most accurate method 
for computing the static pressure in the flow after it has passed through 
the plume-surface interaction shock and turned parallel to the surface 
is somewhat debatable. There are three generally accepted methods 
available: (1) two-dimensional normal and oblique shock theory, (2 )  
Newtonian impact theory, and ( 3 )  modified Newtonian impact theory. For 
a given case the resulting local surface pressure can vary as much as 
30  percent depending on the method used. 
is generally given by the two-dimensional, normal and oblique shock 
theory, while the lowest, and often unconservative, values of recovery 
pressure are given by the modified Newtonian method. Table 3 presents 
a comparison of the pressure rise calculated by the three methods for 
typical impingement conditions. 
constant a t 7  = 1 . 2 5 .  Note in this table that the pressure rise computed 
by the two-dimensional solution is surpassed by the Newtonian solutions 
only at very high angles of impingement. 
TABLE 3 
The true angle can be 
The most conservative solution 
The specific heat ratio was assumed 
COMPARISON OF METHODS FOR COMPUTING THE PRESSURE RISE 
ACROSS NORMAL AND OBLIQUE SHOCKS 
Pressure Rise Ratio P2/P1 
Imp ingemen t Flow Two-Dimensional Modified 
Angle Mach No. Shock Method Newtonian Newtonian 
23 15 
23 10 
23 - 5  
50 10 
90 10 
5 03 
237 
7 . 5  
8 97 
1110 
441 418 
201 191 
5.84 5.44 
746 707 
1260 1205 
A comparison of plume impingement pressure 
shock theory and the Newtonian theory is 
in Reference14. The plume used for thes 
by a method of characteristics computer pr 
heat ratio. It was found that the actual 
c 1 os el y approximated by the two -d imens i ona 1 
nozzle where the surface pressures are the highest. The Newtonian 
calculations provide a better fit to the data in very low pressure 
region several nozzle diameters downstream of the nozzle. It should 
be pointed out that the assumption of constant specific heat ratio 
(i.e., Y frozen at the nozzle exit plane) produces a plume with con- 
servatively high local static pressure and temperature. If a variable 
Y plume were used (i.e,, Y computed locally bywthe computer program as 
a function of local temperature), the two-dimensional shock theory will 
give a better approximation to the actual impingement pressure at dis- 
tances farther from the nozzle. With the use of variable Y in the con- 
struction of the undisturbed plume, it is likely that the Newtonian 
solutions will result in low predictions of the local impingement 
pressure throughout the plume impingement region. 
To minimize the potential of making low predictions of the local impinge- 
ment pressures, only the two-dimensional shock theory is recommended and 
presented here. 
Computer programs are generally available for computing oblique shock 
tables for various specific heat ratios at various increments of impinging 
angles and Mach numbers. However, the standard oblique and normal 
shock relationships may be solved by hand if necessary. The following 
equations for pressure and temperature rise across an oblique shcxk, 
Equations ( 6 )  and (7), can be solved using Equation ( 8 ) .  Equation (8) 
describes the relationship between the flow deflection angle, 9, which 
is assumed equal to the true impingement angle, and the shock wave 
angle, p. This equation may be solved by fixing 6 and M, and iterating 
on 
be between'sin'l (1/M) and ~ 1 2 .  
until both sides of the equation are equal. The value of p must 
2 = 1+- 2 (Mi sin2 p - 1) P - Y +  1 pl 
2 2  MI sin p - 1 
. 2  tan 8 = 2 cot p MI ('Y + cos p )  + 2 
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Local v e l o c i t y  downstream of t h e  ob l ique  shock may be  computed from 
Equations (71, (91, (10); 
V2 = M2 4- 
The use  of t h e  above Equations (6) through (10) r e q u i r e s  t h e  assumption 
t h a t  t h e  gas  is  thermal ly  and c a l o r i c a l l y  p e r f e c t .  
F igure  16 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between 8 ,  MI, and p .  It should 
be noted t h a t  f o r  a g iven  Mi t h e r e  i s  a maximum d e f l e c t i o n  ang le  (e) .  
This  simply means t h a t ,  i f  t h e  flow must be d e f l e c t e d  more than t h i s  
maximum angle ,  a n  obl ique  shock is  n o t  s u f f i c i e n t  and a d d i t i o n a l  t u rn ing  
t akes  p l a c e  i n  t h e  shock l a y e r  flow. The p res su re  i n  t h i s  reg ion  i s  
g e n e r a l l y  determined by normal shock r e l a t i o n s .  When t h e  d e f l e c t i o n  
ang le  i s  s u f f i c i e n t l y  l a r g e  t h a t  t h e  normal shock r e l a t i o n s  are t o  be 
app l i ed ,  t h e  l o c a l  p r e s s u r e  and temperature rise a c r o s s  t h e  normal shock 
may be  computed us ing  t h e  following equat ions .  
- =  p2 1 + ( M i  - 1) 
p1 
n 
YMf + 1 T2 2 ('y - 1) - = I +  
T1 (r + M i  
The use  of t h e s e  equat ions ,  of course ,  r e q u i r e s  t h e  a s s w - c i o n  t h a t  t h e  
gas  is thermal ly  and c a l o r i c a l l y  p e r f e c t .  
With t h e  information presented  i n  t h e  above p a r a g r a p h s , i t  i s  p o s s i b l e  t o  
estimate t h e  l o c a l  plume impingement p re s su re  p r o f i l e s  on f l a t  o r  c y l i n d r i c a l  
su r f aces .  The l o c a l  s tatic p r e s s u r e  on t h e  impingement s u r f a c e  is computed 
us ing  t h e  following s t e p s :  (1) e s t a b l i s h  t h e  undis turbed  exhaust plume 
p r o f i l e ,  (2) determine t h e  l o c a l  s ta t ic  plume p r o p e r t i e s  (P i ,  Mi, 7 )  a t  
t h e  r a d i a l  and a x i a l  l o c a t i o n  ( loca ted  w i t h  r e s p e c t  t o  t h e  nozzle) of t h e  
p o i n t  of i n t e r e s t  on t h e  s u r f a c e ,  (3) compute t h e  t r u e  impingement angle ,  
and (4) compute t h e  l o c a l  s ta t ic  p res su re  on t h e  s u r f a c e  a t  t h e  p o i n t  
of i n t e r e s t  w i t h  t h e  normal o r  ob l ique  shock r e l a t i o n s .  
on t h e  s u r f a c e  can be  e s t ima ted  by computiyg t h e  s t a t i c  p res su re  on t h e  
l i n e  d i r e c t l y  beneath t h e  nozz le , and  a t  s e v e r a l  i nd iv idua l  l o c a t i o n s  o f f  
t h i s  l i n e ,  and combining t h e  r e s u l t s  g raph ica l ly .  
P re s su re  p r o f i l e s  
S ince  t h e  plume p r o f i l e  
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69-13; 
and t h e  normal and obl ique  shock t a b l e s  can be obtained with t h e  use  of 
computer programs, t h e  most d i f f i c u l t  p a r t  o f  t he  c a l c u l a t i o n  becomes t h e  
s o l u t i o n  of t h e  t r u e  impingement angle ,  However, t h i s  p re sen t s  a problem 
only  f o r  p o i n t s  on t h e  s u r f a c e  which are not  i n  a p lane  which i s  perpendic- 
u l a r  t o  t h e  s u r f a c e  and which con ta ins  the  nozzle  a x i s  (i.e.,  t h e  o f f -  
c e n t e r l i n e  p o i n t s  of i n t e r e s t ) .  
Pressure  p r o f i l e s  computed i n  t h e  above manner may be used t o  e s t ima te  
s t r u c t u r a l  loading and t r u e  t h r u s t  v e c t o r  of t h i s  motor. I n  add i t ion ,  t h e  
p re s su re  computed and t h e  method used may be appl ied  d i r e c t l y  t o  es t imat ing  
t h e  h e a t  t r a n s f e r  from t h e  exhaust plume t o  the  sur face .  
3 . 3  SURFACE HEATING 
The primary o b j e c t i v e  of t he  above few paragraphs was to present  a method 
f o r  e s t a b l i s h i n g  the  p re s su re  p r o f i l e s  r e s u l t i n g  from gas plume impingement 
on a su r face .  However, t h e  methods f o r  p r e d i c t i n g  t h e  l o c a l  temperature 
and v e l o c i t y  of  t h e  gas  a t  t he  impingement s u r f a c e  was a l s o  presented 
above. This  information can be used i n  e s t ima t ing  the  su r face  h e a t  t r a n s -  
f e r  from the  exhaust plume impingement. 
Probably t h e  b e s t  experimental  d a t a  a v a i l a b l e  on hea t  t r a n s f e r  from a r e a l  
rocke t  plume impingement on a s u r f a c e  i n  a near  space environment was 
obtained by North American Aviat ion f o r  t he  Apollo program (see Reference 13).  
During t h e s e  t e s t s , a  l i q u i d  rocke t  motor (about 90-pound t h r u s t  wi th  
Aerozine 50 and N2O4 a s  t h e  p r o p e l l a n t )  was f i r e d  over a f l a t  p l a t e  i n s t r u -  
mented f o r  p re s su re  and h e a t  t r a n s f e r .  Var iab les  i n  these  t e s t s  included 
nozzle  a rea  r a t i o ,  d i s t a n c e  from t h e  nozz le  t o  t h e  su r face ,  and nozzle  cant  
angle .  Cor re l a t ion  of t h e  hea t  t r a n s f e r  d a t a  was accomplished i n  Refer- 
ence 14 by adding c o r r e l a t i o n  cons t an t s  t o  gene ra l ly  accepted methods f o r  
computing s t agna t ion  po in t  and laminar flow f l a t  p l a t e  convect ive h e a t  
t r a n s f e r .  It was found, i n  Reference 14 t h a t  over t h e  e n t i r e  range of test 
v a r i a b l e s , t h e  flow along the  s u r f a c e  a t  t h e  p l a t e  was laminar and i n  t h e  
continuum flow regime. The motor chamber p re s su re  f o r  t h e s e  tests was 
nominally 100 p s i a .  Since t h e  range of  test parameter ( i .e . ,  d i s t a n c e  from 
the  s u r f a c e ,  nozz le  a r e a  r a t i o ,  and motor cant  angle)  envelop most of t h e  
p r a c t i c a l  range f o r  s p a c e c r a f t  a p p l i c a t i o n ,  and s i n c e  s o l i d  rocke t  motors 
used i n  upper s t a g e  o r  spacec ra f t  a p p l i c a t i o n  w i l l  probably have more than 
100 p s i a  chamber p re s su re ,  it i s  reasonable  t o  expect  t h a t  t h e  assumption 
of continuum flow w i l l  be v a l i d .  The assumption of laminar flow along the  
s u r f a c e  i s  probably a l s o  good s i n c e  t h e  d e n s i t y  of  t h e  flow is low, and 
t h e r e  i s  a favorable  p re s su re  g rad ien t  i n  t h e  vacuum a p p l i c a t i o n .  
The c a l c u l a t i o n  of t h e  h e a t  t r a n s f e r  p r o f i l e  over a l a r g e  s u r f a c e  r equ i r e s  
the  use  of two s e p a r a t e  h e a t  t r a n s f e r  r e l a t i o n s h i p s :  (1) s t agna t ion  hea t ing  
(used i n  t h e  normal shockreg ion) , and  (2) laminar f l a t  p l a t e  h e a t  t r a n s f e r  
(used i n  t h e  ob l ique  shock r eg ion ) .  The gene ra l  form of t h e  Kemp and 
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Riddell empirical satellite re-entry heating equation (Reference 14) was 
used with an empirically determined constant to correlate the convective 
heat transfer in the normal shock region. 
of the correlating equation presented in Reference 14. 
Equation 13 is a simplification 
1 
5 5000 ($ ) 
E; + -  3h 
4Re 
/ 2  
") TT 
where: 
= convective heat transfer in the normal shock region 
qN Btu/ft2 sec) 
P2 = local static pressure at the surface (lb /ft2) 
R = gas constant (1544/molecular weight) (ft-lb /lbmoR) f 
T2 = local static temperature at the surface (OR) 
€ = nozzle area ratio 
f 
h = distance of nozzle above the surface (inches) 
Re = nozzle radius (inches) 
TT = plume gas stagnation temperature (OR) 
Tw = surface temperature (OR) 
The above equation is applicable only in the normal shock region. It 
should be pointed out that the point of peak gaseous plume impingement 
heating has been found experimentally to coincide with the point of peak 
impingement pressure. Consequently, the location of the peak heating does 
not necessarily occur in the normal shock region. In fact, the peak 
impingement pressure, and heating generally occur in the oblique shock 
region. 
The form of the Van Driest laminar flow equation (Reference 16) was modi- 
fied with a correlating constant to approximate the heat transfer in the 
oblique shock region. A simplification of the equation, originally dis- 
closed in Reference14, is presented below (Equation 14). 
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where : 
T2 = l o c a l  s t a t i c  p re s su re  a t  t h e  s u r f a c e  (OR) 
Tw = s u r f a c e  temperature  (OR) 
M2 = l o c a l  s t a t i c  Mach number downstream of t h e  obl ique  
shock 
'Y = plume s p e c i f i c  h e a t  r a t i o  
g = 32.2 ( f t - l b m / l b f  sec2  
R = gas cons tan t  (1544/gas molecular weight ( f t  l b  / l b  OR) 
P2 = l o c a l  s t a t i c  p re s su re  a t  t h e  s u r f a c e  ( l b f / f t 2 )  
2 = d i s t a n c e  measured from end of t he  normal shock reg ion  
f m  
t o  the  p o i n t  of i n t e r e s t  ( f t )  
It should be noted t h a t  t h e  above equat ion  w i l l  g ive  erroneous s o l u t i o n s  
i f  t h e  d i s t a n c e  from t h e  normal shock reg ion  (Z)  becomes smal l .  A s  pre-  
v ious ly  mentioned, t he  peak s u r f a c e  hea t ing  co inc ides  with t h e  peak s u r f a c e  
p re s su re .  I f  t h e  po in t  a t  which t h e  peak p res su re  occurs  i s  i n  t h e  
obl ique  shock reg ion ,  then Equation (14) is v a l i d  f o r  loca' ,ons downstream 
of t h a t  po in t .  I f ,  however, t h e  po in t  of  peak p r e s s u r e  occurs  i n  o r  near  
t he  normal shock r eg ion ,  then t h e  maximum hea t ing  computed i n  t h e  normal 
shock reg ion  should be used a t  (or  ex t r apo la t ed  t o )  t h e  po in t  of peak 
p res su re .  Figure 17 i l l u s t r a t e s  t he  combination of t h e  cold w a l l  convec- 
t i v e  h e a t  t r a n s f e r  r a t e s  from both t h e  normal and ob l ique  shock region 
f o r  a t y p i c a l  c e n t e r l i n e  impingement hea t ing  case .  
Sur face  hea t ing  p r o f i l e s  may be cons t ruc ted  i n  a manner s i m i l a r  t o  t h a t  
descr ibed  e a r l i e r  f o r  s u r f a c e  p re s su re  p r o f i l e s .  The only  s i g n i f i c a n t  
problem i n  ob ta in ing  o f f - c e n t e r  h e a t  t r a n s f e r  rates i s  e s t a b l i s h i n g  t h e  
proper length  t o  be used i n  Equation (14) f o r  t h e  ob l ique  shock reg ion  
h e a t  t r a n s f e r .  An approximation can be made by cons t ruc t ing  on t h e  su r face  
p re s su re  p r o f i l e  t h e  l i n e  sepa ra t ing  t h e  normal and obl ique  shock reg ions ,  
and drawing a l i n e  along t h e  s u r f a c e  from t h e  p o i n t  of  i n t e r e s t  r a d i a l l y  
-44- 
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toward the nozzle. 
to the line separating the normal and oblique shockregions,may be used to 
approximate the value of Z.  Actual surface streamlines may be constructed 
from the true impingement angles; however, the additional calculations and 
plotting required are not commensurate with the additional accuracy gained. 
The distance along this line, from the point of interest 
With the information presented in the aboveparagraphs,it is possible to 
estimate the local plume impingement convective heating profiles on flat 
or cylindrical surfaces. The calculation of the convective heat transfer 
requires five general steps: (1) establish the undisturbed plume profile, 
(2) determine the local static plume properties (PV,T1,M1,Y) at the radial 
and axial locations (located with respect to the nozzle) at the point of 
interest on the surface, (3) compute the true impingement angle, ( 4 )  com- 
pute the local static properties (P2,T2,M2) on the surface at the point 
of interest with the normal or oblique shock relations, and (5) compute the 
local convective heating with the appropriate (normal shock or oblique 
shock region) convective heat transfer equation. 
SECTION 4 
CONCLUSIONS AND RECOMMENDATIONS 
Using a helium flow f a c i l i t y  t o  s imula t e  t h e  s o l i d  p a r t i c l e  f luxes  found 
i n  a s o l i d  rocke t  exhaus t ,  i t  was found t h a t  aluminum experienced con- 
s i d e r a b l y  less damage under p a r t i c l e  cloud impaction than  it would be 
expected on t h e  b a s i s  of a c o l l e c t i o n  of s i n g l e  p a r t i c l e  impactions.  
These tests were run  over a range of pa r t i c l e  f l u x  from 1 gm/cm2/sec t o  
8 gm/cm2/sec. 
s t r e n g t h  aluminum a l l o y s  were i n s i g n i f i c a n t l y  b e t t e r  than  e s s e n t i a l l y  
pure aluminum i n  r e s i s t i n g  p a r t i c l e  cloud e ros ion .  
I n  a d d i t i o n ,  over t h i s  range of mass f l u x  s t u d i e d ,  high 
During the  course  of t h e  helium flow tes ts ,  p a r t i c l e  k i n e t i c  energy accom- 
modation was measured. 
observed t o  be higher  t han  10 percent  and averaged about 8 .5  percent  f o r  
t he  materials t e s t e d  and t h e  range of m a s s  f l u x  s tud ied .  
The k i n e t i c  energy accommodation f a c t o r  was not  
A comparison of t hese  r e s u l t s  from this  work wi th  d a t a  from o t h e r  sources  
made a v a i l a b l e  dur ing  t h e  course  of t h e  c o n t r a c t  l ed  t o  t h e  d iscovery  of 
t he  sh i e ld ing  e f f e c t  caused by a bui ldup i n  f r o n t  of t h e  impinged su r face  
of spent  p r o j e c t i l e  material and s u r f a c e  ejecta. Because of t h e  i n e l a s t i c  
na tu re  of  t h e  p a r t i c l e  s u r f a c e  c o l l i s i o n ,  r e f l e c t e d  p a r t i c l e s  leave t h e  
s u r f a c e  w i t h  very  low v e l o c i t y  and tend t o  accumulate i n  f r o n t  of t h e  s u r -  
f a c e  wi th  only  gas  drag  as a means of removal. A t  s u f f i c i e n t l y  low p a r -  
t i c l e  mass f l u x ,  t h e  i n c i d e n t  p a r t i c l e s  reach  t h e  s u r f a c e  without  i n t e r -  
fe rence .  As t he  par t ic le  mass f l u x  i n c r e a s e s ,  t h e  number of r e f l e c t e d  
p a r t i c l e s  i nc reases  so t h a t  c o l l i s i o n s  between inc iden t  and r e f l e c t e d  
p a r t i c l e s  become more f requent .  
t ic les  are s c a t t e r e d  back toward t h e  t a r g e t  and s t r i k e  a second t i m e .  
Eventua l ly ,  a t  s u f f i c i e n t l y  high p a r t i c l e  mass f l u x ,  none of t he  inc iden t  
p a r t i c l e s  s t r i k e  t h e  t a r g e t  s u r f a c e  wi thout  having experienced a t  least  
A s  a r e s u l t ,  some of t h e  r e f l e c t e d  p a r -  
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one c o l l i s i o n  i n  t h e  par t ic le  l a y e r .  A s  a r e s u l t  of t h e  i n t e r p a r t i c l e  
c o l l i s i o n s  w i t h i n  t h i s  d e b r i s  l a y e r ,  t h e  inc iden t  p a r t i c l e  momentum d i f -  
fu ses  through t h e  d e b r i s  l a y e r ;  a l a r g e  f r a c t i o n  of t h i s  momentum i s  
t r a n s f e r r e d  t o  t h e  t a r g e t  su r f ace  whi le  most of t he  inc iden t  par t ic le  
k i n e t i c  energy is  absorbed by t h e  l a y e r ,  w i th  only  a s m a l l  f r a c t i o n  
(approximately 10 percent )  t r a n s f e r r e d  t o  t h e  su r face .  This  la t ter  f a c t o r  
exp la ins ,  a t  least i n  par t ,  t he  reduced t a r g e t  damage experienced under 
par t ic le  cloud impaction. 
Small scale s o l i d  p r o p e l l a n t  rocke t  f i r i n g s  i n  a vacuum chamber were used 
t o  produce p a r t i c l e  mass f luxes  ranging from 3 x 10-2 gms/cm*/sec t o  
9 x lom4 gms/cm2/sec. A number of spacec ra f t  materials, inc luding  coated 
aluminum, were placed i n  t h e  exhaust  flow of t h i s  rocke t  f o r  per iods  
ranging from 4-1/2 t o  approximately 6 seconds. 
ings were destroyed by a combination of t he  thermal and e r o s i v e  e f f e c t s  
of t he  flow. I n  one tes t  i n  which t h e  flow cons is ted  of only hot  exhaust 
gases ,  t h e  gas  hea t ing  e f f e c t s  a lone  were s u f f i c i e n t  t o  des t roy  the  coa t -  
ings.  The h e a t  f l u x  measured i n  t h i s  tes t  was equiva len t  t o  a par t ic le  
k i n e t i c  energy f l u x  t h a t  would be obtained from a motor of t h e  type used 
i n  these  tes ts  wi th  a 12 percent  aluminum prope l l an t  a t  a d i s t a n c e  of 
about 400 inches from the e x i t  plane.  
I n  every case ,  t h e  coa t -  
A comparison of t e f l o n  impaction samples used i n  t h e  rocke t  f i r i n g s  wi th  
o t h e r  t e f l o n  samples  used i n  t h e  helium flow f a c i l i t y  i n d i c a t e  t h a t  p a r -  
t i c l e  sh ie ld ing  was a s i g n i f i c a n t  f a c t o r  over t h e  e n t i r e  range of pa r t i c l e  
inc iden t  mass f l u x  used i n  these  tes ts ,  which va r i ed  over 4 orders  of 
magnitude from a f l u x  of approximately 8 gms/cm2/sec t o  9 x 10-4 gms/cm2/sec. 
The r e l a t i v e  damage p e r  impaction par t ic le  increased  by a f a c t o r  of 200 as 
the  f l u x  decreased between these  two l i m i t s .  It is l i k e l y  t h a t  a s imilar  
inc rease  i n  r e l a t i v e  damage would be experienced w i t h  aluminum t a r g e t s  a t  
much lower f luxes  than  were used i n  t h e  l abora to ry  tests i n  t h i s  program. 
I t  i s  clear t h a t  t h e r e  is a po in t  f a r  enough removed from +he e x i t  plane 
of a s o l i d  rocke t  such t h a t  t he  impacts on any s u r f a c e  ar, s u f f i c i e n t l y  
inf requent  t h a t  t he  damage from these  impac t s  can be considered as a co l -  
l e c t i o n  of s i n g l e  p a r t i c l e  impacts.  Between t h i s  po in t  and t h a t  po in t  
where a sh i e ld ing  e f f e c t  would begin t o  a l t e r  t h e  inc iden t  pa r t i c l e  stream 
a t  t h e  su r face ,  t h e r e  i s  a reg ion  where p a r t i c l e  impaction hea t ing  w i l l  be 
a s i g n i f i c a n t  f a c t o r  and t h a t  a p r e d i c t i o n  of par t ic le  impaction damage 
would necessa r i ly  inc lude  a simultaneous continuous cons idera t ion  of s u r -  
f ace  temperature.  The s i g n i f i c a n c e  of t h i s  f a c t o r  depends on t h e  thermal 
d i f f u s i v i t y  of t h e  s u r f a c e  and i t s  e f f e c t i v e  s t r e n g t h .  A par t ic le  sh ie ld -  
ing e f f e c t  of the  type d iscussed  i n  t h i s  r e p o r t  has been seen t o  e x i s t  a t  
par t ic le  f luxes  of as low as 9 x 10-4 gms/cm2/sec i n  a s o l i d  rocke t  flow 
impinging on a 1-inch-diameter specimen. 
e f f e c t  w i l l  be noted a t  much lower f luxes  f o r  l a r g e r  bodies i n  pract ical  
s i t u a t i o n s .  
I t  can be expected t h a t  t h i s  
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A handbook type procedure was presented to aid in the evaluation of the 
effects of gaseous rocket exhaust plume impingement. This procedure can 
be used for making engineering estimates of the pressure and heat transfer 
distribution on a surface located within an exhaust plume. 
it was limited to highly underexpanded plumes and regions in which there 
were no plume shocks. 
layer, and/or gas-particle coupling, was not considered. 
Of necessity, 
The effect of the presence of a particle shielding 
In order to be able to properly predict the impaction damage and kinetic 
energy accommodation on a spacecraft in a practical situation, it will be 
necessary to examine in greater detail the following areas: (1) the origin 
of aluminum oxide particles in the rocket motor should be studied more 
fully so that size and particle velocity distributions through the nozzle 
can be determined with the result that one could predict the particle mass 
and kinetic energy flux emanating from the rocket exit cone, (2) the 
physical properties of spacecraft materials such as aluminum, Teflon, and 
other polymetric materials, such as paints, should be measured over a range 
of temperature that is consistent with the temperatures that would be 
experienced in a typical spacecraft situation, (3) the nature of the particle 
shielding layer needs to be better understood over a range of particle 
incident mass flux that is typical of spacecraft situations of interest 
and a determination should be made of the important parameters that influ- 
ence this phenomenon, and ( 4 )  the nature of the particle-surface interaction 
should be more fully studied; in particular, at velocities which would be 
typical of those experienced during the presence of a particle shielding 
layer. The existence of a particle size scaling effect should be deter- 
mined for the materials that would be of interest, in spacecraft construc- 
tion. The size and velocity of surface ejecta needs to be determined in 
order that the flow properties of the shielding layer could be determined. 
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